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REMARKS 

Claims 80-99 are pending and under examination. Claim 80 has been amended. Support 
for the amendment can found throughout the specification and the claims as filed. In particular, 
support for the amendment to claim 80 can be found on page 40, line 23-30. Accordingly, this 
amendment does not raise an issue of new matter and entry thereof is respectfully requested. 

Priority 

Applicants thank the Office for acknowledging Applicants' claim for domestic priority to 
the Provisional Application Serial Number 60/209,539, filed June 5, 2000 (herein "the '539 
application"). However, the Office asserts that the '539 application allegedly fails to provide 
adequate support under 35 U.S.C. §112 for claims 80-99 for the same reasons as applied to the 
present application. Applicants respectfully traverse for the same reasons of record and further 
direct the Office to the arguments presented below with respect to the specification providing 
enablement for currently pending claims 80-99. 

Rejection Under 35 U.S.C. §112, First Paragraph - Enablement 

The rejection of claims 80-99 under 35 U.S.C. § 1 12, first paragraph, as allegedly lacking 
enablement is respectfully traversed. Applicants maintain the position of record and provide the 
following remarks and evidence to support that the claimed methods are enabled for their full 
scope. 

The Office asserts that the specification fails to provide an enabling disclosure for the 
wide variety of progenitor cell types that may be used as starting material, such as human 
hematopoietic stem cells (HSCs) and human embryonic stem (ES) cells. The Office asserts that, 
at the time the subject application was filed, it was known in the art that difficulties were 
encountered in attempts to transfect human ES cells and human HSCs. The Office also asserts 
that methods for successfully transfecting human ES cells were not known. The Office goes on 
to assert that, as of June 2000, no one had successfully transfected human ES cells and that the 
transfection of mouse ES cells is not predictive of human ES cells. The Office also assets that 
the specification only provides general guidance rather than the specific guidance that is 
allegedly needed for human HSCs and human ES cells. The Office asserts that when methods 
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for the genetic modification of human ES cells are not known in the prior art, specific guidance 
is needed to enable the invention. 

Applicants respectfully disagree with the above assertions. Applicants herein provide 
corroborative evidence that the specification provides sufficient teaching and guidance to one of 
ordinary skill in the art to make and use the claimed methods without undue experimentation. 
Specifically, the following remarks and evidence will demonstrate that, as of the effective filing 
date of the subject application, which is the filing date of the Provisional Application Serial 
Number 60/209,539, filed June 5, 2000, methods for transfecting human HSCs and human ES 
cells were well known to one of skill in the art. 

Applicants respectfully submit that the specification teaches a variety of methods, known 
in the art, for introducing a nucleic acid into progenitor cells in vitro (page 54, line 4 to page 55, 
line 17 of the subject application and page 27, line 1 8 to page 28, line 19 of the '539 application). 
For example, the specification teaches that viral vectors can be particularly useful for introducing 
a nucleic acid molecule in the methods of the invention. Such vectors include, for example, 
retroviral vectors, lentiviral vectors, adenoviral vectors and adeno-associ ated vectors (AAV), 
herpesvirus vectors as described in text books Kaplitt and Loewy, Viral Vectors: Gene Therapy 
and Neuroscience Applications, Academic Press, San Diego, California (1995) and Chang, 
Somatic Gene Therapy. CRC Press, Boca Raton, Florida (1995) (see page 55, lines 1-10 of the 
subject application). 

Applicants maintain the position of record regarding the disclosures of Hanazono et al. 
and Zwaka et al., in view of the disclosures of Eiges et al., Ferrari et al. and Uyttersprot et al. (all 
references are of record). Applicants also maintain that the disclosure of van Hennik et al. (also 
of record) shows it was well known in the art to transduce human hematopoietic cells with 
retroviral vectors, such as the Moloney murine leukemia virus (MoMLV). As discussed above, 
the specification explicitly discloses retroviral vectors as exemplary viral vectors and, as 
evidenced by van Hennik et al., MoMLV is a retroviral vector well known in the art as of the 
filing date of the subject application and the filing date of the '539 application. Therefore, one of 
ordinary skill in the art would understand that retroviral vectors are exemplary viral vectors that 
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could be used to introduce a nucleic acid molecule into progenitor cells in vitro based on the 
teachings of the subject application. 

In addition to retroviral vectors, as discussed above, lentiviral vectors were also taught in 
the specification to be exemplary viral vectors. To corroborate that lentivral vectors were also 
well known in the art as suitable for introducing a nucleic acid into progenitor cells, Applicants 
herein provide Exhibit A, Case et al., Proc. Natl. Acad. Sci. USA, 96:2988-2993 (1999), which 
discloses methods for stable transduction of quiescent human hematopoietic progenitor cells by 
HIV- 1 -based lentiviral vectors (see Abstract). Specifically, Case et al. characterize their 
experimental results on page 2992, second column, first paragraph, as follows: 



The data presented here demonstrate that lentiviral vectors 
pseudotyped with the VSV envelope are able to transduce a 
hematopoietic progenitor population qualitatively different from 
that transduced by MLV retroviruses. Although both MLV and 
lentiviral vectors efficiently transduced CD34+ progenitors 
stimulated to divide during transduction, only lentiviruses could 
transduce more primitive, quiescent progenitors, [emphasis added] 



The lentiviral vector is clearly superior to the MLV vector for 
transduction of quiescent, primitive human hematopoietic 
progenitor cells and may provide therapeutically useful levels of 
gene transfer in human hematopoietic stem cells, [emphasis 
added] 



Thus, Case et al. corroborate the effectiveness of both retroviral and lentivrial vectors for 
transduction of human hematopoietic progenitor cells. Applicants respectfully point out that 
lentiviral vectors are explicitly taught in the subject application as a viral vector that can be 
particularly useful for introducing a nucleic acid molecule in the methods of the invention (see 
page 55, lines 1-10 of the subject application). Thus, Applicants submit that one of ordinary skill 
in the art would know how to use viral vectors, such as retroviral vectors and lentiviral vectors, 
as taught in the specification, to introduce a nucleic acid molecule into progenitor cells, including 
human hematopoietic progenitor cells. 

With respect to evidence previously presented on the record to corroborate enablement, 
Applicants direct the Examiner to the Rule 132 Declaration of Dr. Stuart Lipton, submitted 



Case et al. also disclose in the last sentence of the Abstract: 
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August 29, 2008, which includes data regarding transfection of human ES cells with MEF2CA 
using a lentiviral vector designated lenti-MEF2CA. Exhibit B of Dr. Lipton's Declaration 
provides data showing the neurogenic activity of MEF2C in human ES cells. See specifically 
Exhibit 5, Figure 5B which shows representative images of lentivirus infected cells. The arrows 
in Figure 5B represent MEF2CA-induced neurons. Applicants submit that the plasmids used to 
generate the lenti-MEF2CA vector described in Dr. Lipton's Declaration were readily available 
to one of ordinary skill in the art as of the filing date of the subject application and the filing date 
of the '539 application. 

Applicants respectfully direct the Office to Exhibit B of Dr. Lipton's Declaration, 
specifically Fig. 1 A, the Fig. 1 legend and the first paragraph of the Methods section, under the 
header "Lentivirus generation and characterization," which describes the plasmids used to 
generate the lentiviral vector. In order to generate the lentiviral vector, three plasmids were 
transfected into HEK293T cells, (1) the lentiviral transfer vector: plasmid 
pRRLPGK/MEF2CA/IRES/GFPSIN18WPRE; (2) plasmid pCMVAR8.74, which encodes the 
essential viral genes (GAG, POL, TAT, and REV) for virus production and integration and (3) 
plasmid pMD.G, which encodes the gene for the coat proteins of Vesicular stomatitis Virus-G 
(VSV-G). The lenti-MEF2CA vector was produced in these cells and used in the experiments 
described. Applicants submit that plasmids pCMVAR8.74 and pMD.G are known packaging 
constructs available as of the filing date of the subject application and the filing date of the '539 
application. 

Applicants herein provide Exhibit B, Dull et al., J. Virol., 72(1 1):8463-8471 (1998), 
which discloses a third-generation lentivirus vector with a conditional packaging system. 
Specifically, Dull et al. disclose that plasmids pCMVAR8.74 and pMD.G are known packaging 
constructs used to generate lentiviral vectors (see page 8464, first column, paragraphs under the 
heading "Packaging constructs"). Applicants also herein provide Exhibit C, Naldini et al., 
Science, 272:263-267 (1996), which discloses the gene delivery and stable transduction of 
nondividing cells by a lentiviral vector based on the human immunodeficiency virus (HIV). 
Specifically, Applicants direct the Office to Figure 1, page 263, first column, last paragraph to 
third column, first paragraph, and page 266, third column, citation 14, which describe a three 
plasmid expression system including the plasmids pCMVAR9 and pMD.G. Thus, Applicants 
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submit that Dr. Lipton's Declaration provides corroborative evidence that nucleic acids were 
able to be introduced into human ES cells, using methods readily available to one of ordinary 
skill in the art as of the filing date of the subject application and the filing date of the '539 
application. Thus, the evidence provided in Dr. Lipton's declaration is consistent with the 
teachings in the specification that lentiviral vectors are effective viral vectors for introducing a 
nucleic acid molecule in to progenitor cells and utilized methods for lentivral transduction well 
known prior to the filing date of the subject application and the filing date of the '539 
application. As stated in the Office Action on page 1 3, "sufficiency under 35 U.S.C. 1 12 must 
be judged as of the filing date." Accordingly, Applicants submit that one of ordinary skill in the 
art at the time of filing the subject application and the '539 application would only need to use 
known techniques and routine experimentation, as taught in the specification, to introduce a 
nucleic acid molecule into progenitor cells, including human embryonic stem cells. 

Applicants submit that the specification fully satisfies the requirement for enablement 
under 35 U.S.C. §112, first paragraph for the claimed methods. "The law does not require a 
specification to be a blueprint in order to satisfy the enablement requirement," Staehelin v. 
Seeker, 24 U.S.P.Q. 2d 11513, 1516 (Bd. Pat. App. & Int. 1992). A specification need not 
describe — and best omits — that which is well known in the art. In re Buchner, 929 F.2d 660, 
661, 18 U.S.P.Q.2d 1331, 1332 (Fed. Cir. 1991). Furthermore, the first paragraph of 35 U.S.C. 
§112 requires nothing more than objective enablement. In re Marzocchi, 439 F.2d 220, 169 
USPQ 367 (CCPA 1971). "How such a teaching is set forth, either by the use of illustrative 
examples or by broad terminology, is of no importance when determining enablement." Id at 
223. It is also well-settled in the law that "a considerable amount of experimentation is 
permissible, if it is merely routine, or if the specification in question provides a reasonable 
amount of guidance with respect to the direction in which the experimentation should proceed." 
Ex parte Jackson, 217 U.S.P.Q. 804, 807 (Bd. App. 1982). As discussed above and corroborated 
by the evidence of record and the evidence submitted herewith, only well known methods and 
nothing more than routine experimentation would have been required for one skilled in the art to 
make and use Applicants' claimed methods. 

In view of the foregoing arguments and for the reasons of record, Applicants maintain 
that, in light of the teaching in the specification, what was well known in the art and the 
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corroborative evidence of record, the specification provides sufficient teaching and guidance to 
enable the claimed methods. Accordingly, Applicants respectfully request withdrawal of this 
rejection. 

Rejections Under 35 USC § 102 

The rejection of claims 80-99 under 35 USC § 1 02(a), as allegedly anticipated by 
Okamoto et al., Proc. Natl. Acad. Sci. USA 97:7561-7566 (2000), is respectfully traversed. 

Applicants respectfully maintain that the claimed methods are novel over Okamoto et al. 
Applicants further point out that the priority application, serial No. 60/209,539, was filed June 5, 
2000, which provides an enabling disclosure for the claimed methods as described above. The 
Office Action states on page 17 that the rejection stands or falls with the enablement rejection. 
Applicants respectfully maintain that the priority date of the subject application is prior to the 
publication date of Okamoto et al. In particular and as discussed above, Applicants maintain that 
the priority '539 application provides sufficient description and guidance to enable the claimed 
methods. Therefore, Applicants respectfully submit that Okamoto et al. is not proper prior art. 
Accordingly, Applicants respectfully request that this rejection be withdrawn. 

The rejection of claims 80-99 under 35 U.S.C. § 102(b) as allegedly anticipated by 
Krainc et al., J. Biol. Chem. 273:26218-26224 (1998), is respectfully traversed. Applicants 
respectfully maintain that the claimed methods are novel over Krainc et al. for the reasons of 
record and in view of the following. 

The Office asserts that Krainc et al. disclose that the plasmid pG/DN, containing the N- 
terminal DNA binding domain of MEF2C, was stably trans fected into P19 cells. The Office also 
asserts that Krainc et al. note that these cells differentiate into a neuronal phenotype after 
treatment with retinoic acid, and then express MEF2C. The Office goes on to assert that the N- 
terminal fragment of MEF2C used in the experiments of Krainc et al. contain the entire DNA- 
binding domain of the MEF2C protein and therefore is both constitutively active for DNA 
binding and an active fragment of a MEF2 polypeptide, as set forth in the claims. The Office 
also asserts that there is no evidence demonstrating that the MEF2C-transfected P19 progenitor 
cells of Krainc et al. are functionally different from those recited in the claims. 
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Applicants respectfully disagree with the above assertions. Applicants maintain that 
Krainc et al, do not teach, either expressly or inherently, each element of the claimed methods. 
Applicants direct the Office to the teachings of the subject application, which defines a 
constitutively active MEF2 polypeptide on page 40, line 23-30 as follows: 

As used herein in reference to a MEF2 polypeptide, the term "constitutively 
active" means a MEF2 polypeptide that has transactivation activity which is less 
dependent upon phosphorylation than the corresponding wild type MEF2 
polypeptide. A constitutively active MEF2 polypeptide can have transactivation 
activity that is independent of phosphorylation, [emphasis added] 

Thus, one of ordinary skill in the art, in light of the teachings of the specification, would 
understand that a constitutively active MEF2 polypeptide is an MEF2 polypeptide, which has 
transcriptional activation activity that is constitutively active and is independent of 
phosphorylation. Furthermore, Applicants maintain that one skilled in the art would not consider 
a "dominant negative" as described by Krainc et al. to be "constitutively active." Nevertheless, 
in an effort for further prosecution, Applicants have amended claim 80 to explicitly recite 
"wherein said constitutively active MEF2 polypeptide or active fragment thereof have 
transactivation activity that is independent of phosphorylation." 

Applicants respectfully submit that the nucleic acids encoding the N-terminal fragment of 
MEF2C protein used by Krainc et al. is not a nucleic acid molecule encoding a constitutively 
active MEF2 polypeptide or an active fragment thereof, wherein the constitutively active MEF2 
polypeptide or active fragment thereof have transactivation activity that is independent of 
phosphorylation, as claimed. At best, Krainc et al. disclose on page 26222, column 2, paragraph 
2, that PI 9 cells were stably transfected with the plasmid pG/DN encoding a dominant-negati ve 
MEF2C, which contains the cDNA sequence of the N-terminal DNA binding domain of MEF2C. 
Krainc et al. describe the pG/DN plasmid on page 26219, first column, first paragraph, as 
carrying a mouse dominant-negative MEF2C (amino acids 1-108) driven by the 
phosphoglycerate kinase promoter, which was a gift from Dr. E. N. Olson (34). Reference (34) 
is herein provided as Exhibit D, Molkentin et al., Mol. Cell. Biol. 16(6):2667-2636 (1996). 
Exhibit D describes the mutational analysis of the DNA binding, dimerization and transcriptional 
activation domains of MEF2C. Applicants direct the Office to Figures 1 A and Figure 2, which 
show that polypeptides encoding N-terminal DNA binding domains and MEF2C dimerization 
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domains have significantly reduced transcriptional activation activity. The authors of Exhibit D 
characterize these results on page 2634, second column, first paragraph under the heading 
"Interdependence of MEF2 domain and the transcription activation domain" as follows: 

Our "results demonstrate that the C terminus of MEF2C acts as a 
transcription activation domain. The first 105 amino acids of 
MEF2C , which encompass the MADS and MEF2 domains, can 
dimerize and bind DNA, but this region is unable to activate 
transcription through the MEF2 site in the absence of a C-terminal 
transcription activation domain. 

Thus, Applicants submit that the nucleic acids encoding the N-terminal fragment of MEF2C 
protein used by Krainc et al. was not a constitutively active MEF2 polypeptide or active 
fragment thereof as recited in the pending claims, but was the N-terminal region of the MEF2C 
polypeptide that is unable to activate transcription. Applicants respectfully submit that the 
disclosure of Krainc et al. cannot anticipate the claimed methods because the reference does not 
teach, either expressly or inherently, each element of the claimed methods. Accordingly, 
Applicants respectfully request that this rejection be withdrawn. 



12 



Application No. : 09/876, 1 87 



CONCLUSION 

In light of the amendments and remarks herein, Applicants submit that the claims are 
now in condition for allowance and respectfully request a notice to this effect. The Examiner is 
invited to call the undersigned agent if there are any questions. 

To the extent necessary, a petition for an extension of time under 37 C.F.R. 1.136 is 
hereby made. Please charge any shortage in fees due in connection with the filing of this paper, 
including extension of time fees, to Deposit Account 502624 and please credit any excess fees to 
such deposit account. 

Respectfully submitted, 
McDERMOTT WILL & EMERY LLP 

/Micheal L. Hebert/ 
Micheal L. Hebert 
Registration No. 63,329 

11682 El Camino Real, Suite 400 Please recognize our Customer No. 41552 

San Diego, CA 92130 as our correspondence address. 

Phone: 858.720.3300 MLH:jd 
Facsimile: 858.720.7800 
Date: July 7, 2010 

DM_US i 2706529- 1. 066654.0622 
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ABSTRACT We compared the efficiency of transduction 
by an HIV-l-based lentiviral vector to that by a Moloney 
murine leukemia virus (MLV) retroviral vector, using strin- 
gent in vitro assays of primitive, quiescent human hematopoi- 
etic progenitor cells. Each construct contained the enhanced 
green fluorescent protein (GFP) as a reporter gene. The 
lentiviral vector, but not the MLV vector, expressed GFP in 
nondivided CD34+ cells (45.5% GFP + ) and in CD34+CD38" 
cells in G 0 (12.4% GFP + ), 48 hr after transduction. However, 
GFP could also be detected short-term in CD34 + cells trans- 
duced with a lentiviral vector that contained a mutated 
integrase gene. The level of stable transduction from inte- 
grated vector was determined after extended long-term bone 
marrow culture. Both MLV vectors and lentiviral vectors 
efficiently transduced cytokine-stimulated CD34+ cells. The 
MLV vector did not transduce more primitive, quiescent 
CD34+CD38 - cells (n - 8). In contrast, stable transduction 
of CD34 + CD38" cells by the lentiviral vector was seen for over 
15 weeks of extended long-term culture (9.2 ± 5.2%, n - 7). 
GFP expression in clones from single CD34+CD38" cells 
confirmed efficient, stable lentiviral transduction in 29% of 
early and late-proliferating cells. In the absence of growth 
factors during transduction, only the lentiviral vector was able 
to transduce CD34+ and CD34+CB38" cells (13.5 ± 2.5%, n = 
11 and 12.2 ± 9.7%, n = 4, respectively). The lentiviral vector 
is clearly superior to the MLV vector for transduction of 
quiescent, primitive human hematopoietic progenitor cells 
and may provide therapeutically useful levels of gene transfer 
into human hematopoietic stem cells. 



Gene therapy using human hematopoietic stem cells (HSC) 
has great theoretical appeal as an approach to many genetic 
and acquired diseases affecting the hematopoietic and immune 
systems. However, progress in the field has been blocked by the 
fact that levels of gene transfer into human long-term repop- 
ulating cells are too low for any likely therapeutic benefit (1-5). 
The reason for the disappointingly low levels of transduction 
is believed to lie in certain incompatible features of the vectors 
used and the HSC that they target. Vectors for hematopoietic 
gene therapy have until now been based on the Moloney 
murine leukemia virus (MLV) and are thus unable to infect 
and integrate into nondividing cells (6). Most HSC are in a 
quiescent state (7), are relatively slow to respond to stimulation 
(8-12), and, when induced to divide, tend to lose long-term 
repopulating capacity (12-17). In addition, the relative paucity 
of viral receptors on the surface of HSC may limit binding of 
virus and further prevent efficient gene transfer (18, 19). 

Recent incremental improvements in MLV retroviral- 
mediated gene transfer into HSC have been achieved by using 
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gibbon ape leukemia virus (GALV) pseudotypes, "mobilized 
bone marrow," recombinant fibronectin support, new cyto- 
kines (Flt-3 ligand, thrombopoietin), and manipulation of cell 
cycle kinetics (14, 20-23). Combinations of these techniques 
have resulted in modest, yet significant, increases in gene 
marking in primate stem cell transplant models. However, 
higher levels of gene transduction of HSC are likely to be 
needed for applications to many genetic diseases and AIDS. 

Recent reports show that vectors derived from the HIV-1 
lentivirus can transduce a variety of nondividing human cells, 
including neurons, macrophages, hepatocytes, and cardiac 
myocytes (24-32). The nuclear localization signals present in 
HIV allow entry of virus through the intact nuclear membrane 
of nondividing cells (33). Pseudotyping of lentivirus vector 
with the vesicular stomatitis virus (VSV) envelope G glycop- 
rotein allows virus particles to bind nonspecifically to mem- 
brane phospholipid of target cells rather than relying on 
specific receptor binding (34). Thus, lentiviral vectors 
pseudotyped with VSV offer a potential solution to the dual 
problems of quiescence and low viral receptor expression 
inherent in transduction of HSC with MLV. 

We show that lentiviral vectors, but not MLV vectors, can 
transduce nondivided hematopoietic progenitors and 
CD34 + CD38~ cells in G 0 cell cycle status. Using stringent 
long-term culture (LTC) and single-cell assays, we show that 
lentiviral vectors are able to provide efficient, stable trans- 
duction in primitive, quiescent human progenitors normally 
resistant to transduction with MLV. 

MATERIALS AND METHODS 

Production and Characterization of Vectors. The MLV 

retroviral vector, MLV-Neo-CMV-GFP (35), and the lentivi- 
ral vector, pHR'-CMV-GFP (24, 27), were constructed as 
described and contained the enhanced green fluorescent 
protein (GFP; CLONTECH) reporter gene with the internal 
human cytomegalovirus (CMV) immediate-early promoter. 
The plasmid pHIT60 (36) was used to express the MLV 
gag-pol proteins. The plasmid pCMVAR8.9l (28) was used to 
express HIV-1 gag, pol, tat, and rev proteins to package 
lentiviral vectors without the accessory genes vif, vpu, vpr, and 
nef. An integration-defective lentiviral vector was generated as 
described (24, 26). The plasmid pMD.G (24) was used to 
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express the VSV envelope G glycoprotein from the CMV 
immediate-early promoter. 

The ientivirai vector, the integrase-defective lentiviral vec- 
tor, and the MLV vector were all pseudotyped with the VSV 
envelope (lenti/VSV, lenti(inr)/VSV, and MLV/VSV, re- 
spectively), VSV-pseudotyped vectors were produced by tran- 
sient three-plasmid transfection as previously described (24) 
with 2 jj,g of the pMD.G envelope plasmid and 10 ag of the 
various packaging and vector plasmids. Sodium butyrate (Sig- 
ma) induction was performed as described (36). Preparations 
of VSV-pseudotvped vectors were concentrated by ultracen- 
trifugation (37). Another MLV vector, MND-GFP-SV40-Neo, 
was produced in a GALV pseudotype (MLV/GALV) from 
the stable packaging cell line PG13 (38). 

Titers of all vector preparations were determined by trans- 
ducing 293 cells (American Type Culture Collection) with 
serial di utsc-sib of vector supematants, followed by fluores- 
cence-activated cell sorting (FACS) analysis 2 days later. Initial 
titers were 0.5 X 10 6 to 10 X 10 s infectious unite (i.u.)/ml for 
the lenti/VSV, lenti(inr)/VSV, MLV/VSV, and MLV/ 
GALV vectors. After ultracentrifugation, the titers of the VSV 
pseudotyped ientivirai and MLV vectors were 1-15 X 10 8 
i.u./ml. 

All lentiviral vector preparations were tested for the pres- 
ence of replication-competent retrovirus (RCR) by infection 
of phytohemagglutinin (PHA)-stimulated human peripheral 
blood mononuclear cells, followed by culture for 2 weeks and 
then assay of culture medium for p24 gag by ELISA (Coulter). 
No vector preparations contained detectable RCR. 

Cell Sources and Isolation. Mononuclear ceils from fresh 
bone marrow and umbilical cord blood were obtained as 
previously described under protocols approved by the Com- 
mittee on Clinical Investigations (39). FACS was performed 
on a FACSVantage [Becton Dickinson Immunocytometry 
Systems (BDIS)] using Lysys II software (BDIS). 
CD34 + CD38~ cells were defined as previously described (39). 
CD34 + cells were defined as either cells with high CD34 
expression alone, or in some experiments ceils with high CD34 
and CD38 expression (CD34 + CD38 + ), as previously described 

(39) . 

Multiparameter Cell Cycle Analysis. CD34 + cells (3.4 X 
10 6 ) were transduced in 6 mi of X-vivo 15 (BioWhittaker) 
containing 0.5 ng/ml interleukin (IL)-3 and 25 units/ml Flt-3 
ligand in flasks coated with the recombinant fibronectin 
fragment CH-296 (Takara Shuzo, Otsu, Shiga, Japan). Viral 
supematants were added daily to the cells on 3 consecutive 
days, lenti/VSV transduction was performed with the super- 
natant concentration at 1 X 10 7 i.u./ml [equivalent multiplicity 
of infection (moi) = 18] each day. MLV/GALV transduction 
was performed with the supernatant concentration at 5 X 10 3 
i.u./ml (moi = 0.9) each day. Mock-infected (nontransduced) 
controls were handled exactly the same, but with no vector 
supematants added to the CD34 + ceils, 

Ceil cycle activity and transgene expression were analyzed 
24 hr after the third addition of virus by employing a modifi- 
cation of a previously described flow cytometric procedure 

(40) . The revised protocol allows the use of an additional 
fluorochrome and is hence referred to as five-color SID 
(surface, intracellular, DNA) staining. Specifically, cells were 
labeled with anti-CD34-biotin (Coulter), streptavidin-Red613 
(GIBCO/BRL), and anti-CD38-APC (BDIS; APC is allophy- 
cocyanin). Cells were then fixed in 0.5% formaldehyde (Poly- 
sciences) and permeabilized with 0.1% Triton X-100 (Amer- 
sham), Ki-67-PE (Dako; PE is phycoerythrin) was added, and 
finally 4',6-diamidino-2-phenylindole (DAPI; Molecular 
Probes) was added (2 juM) to stain for DNA content. Analysis 
was performed on a Becton Dickinson FACSVantage flow 
cytometer. DNA level was measured by excitation of DAPI 
from the 350-nm line, PE and Red613 were excited by the 
488-nm line, and APC by the 633-nm line. Transduction of 



primitive ceils was detected by the presence of GFP (488-nm 
laser). The nuclear antigen Ki-67 was used as a marker of cell 
cycle entry (41, 42) and was used with DAPI to delineate Go 
and Gs populations and cycling (S, Gz, M) stages. 

Analysis of Transgene Expression in Nondivided Ceils. 
CD34 + cells (1-2 X 10 6 ) were incubated in 2 ml of diluent with 
the red fluorescent membrane marker PKH26 (final concen- 
tration 2 X lO -6 M; Sigma) for 1.5 min at room temperature. 
Then 10% fetal calf serum (FCS; Summit Biotechnology, Fort 
Collins, CO) was added to block further adsorption of dye and 
the cells were washed four times. A narrow band of viable 
PICH26-bright (nondivided) cells was isolated by FACS after 
overnight culture on CH-296 and immediately transduced once 
with lenti/VSV, Ienti(inr)/VSV, or MLV/GALV on CH-296 
in X-vivo 15 with 2.5 ng/ml IL-3, 8.25 units/mi IL-6, and 12.5 
ng/ml Steel factor (SF). After 24 hr, cells were washed twice 
and incubated in the absence of vector for a further 24 hr on 
fresh CH-296 in the same culture conditions. A total of 48 hr 
after transduction, ceils were washed and incubated with 
anti-CD34-APC (BDIS). Ceils were analyzed by FACS for 
simultaneous PKH26, GFP, and CD34 expression. PKH26 
fluorescence in nondivided cells remained identical between 
the first isolation and the time of final analysis. The width of 
the PKH26 band set for each generation was identical. 

Transduction of Hematopoietic Cells Before LTC. Hema- 
topoietic cell transductions were performed in plates coated 
with CH-296. CD34+ ceils (1-10 X 10 4 per plate) were 
transduced in 2-4 rn! of diluent in 35-mrn plates (Costar), 
CD34+CD38" ceils (3-30 x 10* per well) were transduced in 
200 fi\ of X-vivo 15 in 96 -well plates (Costar). Transductions 
were performed with lenti/VSV, lenti(inr)/VSV, and MLV/ 
VSV, using equivalent supernatant concentrations of 3-15 X 
10* i.u./ml (moi = 1,000-3,000). Transductions with MLV/ 
GALV were performed with supernatant concentrations of 
5-18 X 10 s i.u./ml (moi - 100-300). 

Transductions carried out in the presence of growth factors 
(5 ng/ml IL-3, 16.5 units/ml IL-6, and 25 ng/ml SF) were 
performed with one addition of viral supernatant per day for 
either 1 day or for 3 consecutive days. As there was no 
significant difference in the results with the two protocols, the 
data were grouped together. Transductions carried out in the 
absence of growth factors were performed with one addition 
of viral supernatant for 12 hr immediately after isolation. After 
transduction, cells were placed in LTC for serial analysis. 

Analysis of LTCs. CD34 + CD38~ cells were cultured long- 
term (approximately 100 days) on irradiated allogeneic human 
bone marrow stroma in long-term bone marrow culture (LT- 
BMC) medium (39). Every 2-3 weeks, nonadherent cells were 
analyzed by FACS for transgene expression or were plated in 
methylcellulose medium to measure colony-forming units 
(CFU) (39). CFU generated from the LTC were individually 
analyzed for GFP expression by using a fluorescent micro- 
scope, and they were isolated from the methylcellulose and 
analyzed by polymerase chain reaction (PGR) for detection of 
vector DNA, as described below. 

Clonal Analysis of Transduced Single CB34 + CD38~ Ceils. 
CD34 + cells were transduced with lenti/VSV. MLV/VSV, or 
MLV/GALV on CH-296 in the presence of IL-3, IL-6, and SF 
for 1 day. After transduction, cells were washed three times 
and incubated with anti-CD34-PE (BDIS) and anti-CD38- 
APC. Single CD34+CD38 " cord blood cells were isolated and 
plated in each well of a 96-well plate by FACS using the 
automated ceil deposition unit (ACDU) device on the FACS- 
Vantage and grown on irradiated human stroma in LTBMC 
medium. Wells were observed every 7 days for the first 
appearance of clonal proliferation as described (39). GFP 
expression of clones was assessed by fluorescence microscopy 
and also by FACS analysis. 

Detection of Vector DNA. The presence of vector sequences 
in extracted DNA from bulk LTC was determined by using 
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semiquantitative DNA PCR and Southern blot analysis for 
GFP, A clone of 293 cells with a single integrated copy of the 
pHR'-CMV-GFP vector was used to construct a standard 
curve for GFP normalized against human 0-actin (D.B.K., 
unpublished work). Vector DNA in individual CFU was 
measured by PCR of whole cell lysate followed by Southern 
blot detection of GFP transgene. 

Statistical Analyses. Statistical analyses of vector- 
transduced CD34 + and CD34 + CD38~ cells used a two-sample 
paired Student's I test assuming unequal variances as the 
number of experiments varied. Vector expression in clones 
from single CD34 + CD38~ cells was analyzed by using a paired 
two-sample Student's r test. 

RESULTS 

Traasdactsofi of CD34 + CD38~ Ceils in G s by Leaiivsral 
Vectors, To determine if an HIV-l-based ierstivirai vector 
pseudotyped with VSV was capable of transducing 
CD34 + CD38 _ ceils in G 0 phase of the cell cycle, five-color SID 
staining was performed. Cells were transduced in conditions 
designed to minimize cell cycling. 12.4% of CD34 + CD38~ cells 
in G 0 , 12.9% in Gj, and 21% in S/G 2 /M phase were GFP + 24 
hr after exposure to lenti/VSV, showing similar levels of 
transduction in cells at different stages of the cell cycle (Fig. 
1). In contrast, exposure to MLV/GALV resulted in barely 
detectable levels of GFP expression in CD34 + CD38~ cells in 
Go and Gi phase. However, once the cells entered S/G2/M 
phase, GFP expression from MLV/GALV was detectable in 
7.2% of CD34 + CD38~ cells. These findings indicate that 
transgene expression in noncycling CD34 + CD38~ cells is 
possible with lentivira! vectors but not with MLV vectors. 

Transduction of Nondivided CD34+ Cells by Lentiviral 
Vectors. To determine if lentiviral vectors were capable of 
transducing hematopoietic progenitors prior to cell division. 
CD34 + cells were stained with PKH26. MLV/GALV was 
unable to transduce CD34 + cells prior to cell division, but it 
was able to transduce cells after the first, second, and third 
divisions at progressively increasing levels {Fig. 2A), In con- 
trast, both nondivided and divided populations of CD34 + cells 
transduced with lenti/VSV expressed GFP at high levels, with 
nondivided, first, second, and third divisions at 45.5%, 44.8%, 
56%, and 77.2% GFP + , respectively (Fig. 25). 




DAFI GFP 



Fig. 1. Lentiviral vector expression in CD34 + CD38" cells defined 
according to cell cycle status. Cell cycle analysis pi ceiis derived from 
the CD34 + CD38" gate (not shown) and simultaneous OFF expression 
of Go, Gi, and S/G2/M populations are shown. Black histogram = 
transduced cells, gray histogram = nontransduced ceils (negative 
control). Percent GFP + was calculated by subtracting the negative 
control cells falling within the marker region. A second experiment 
yielded similar results. 



To determine whether GFP expression indicated integration 
of ientivirus vector, CD34+ cells were also transduced with 
ienti(inr)/VSV. As shown in Fig. 2C, lenti(inr)/VSV re- 
sulted in 0.7% GFP expression in nondivided CD34 + cells. In 
a second experiment (not shown), 38.5% of nondivided ceiis 
were GFP + . The average level of GFP expression from the 
integrase-defective vector was significantly lower than that 
expressed from the wild-type yector. These results imply that 
early scoring of transgene expression in lenti/VSV-transduced 
ceils can detect pseudotransduction and/or transient expres- 
sion from non integrated vector DNA, and in the absence of 
other data may not be fully predictive of stable transduction. 

To determine the stability of GFP expression from lenti/ 
VSV- and lenti(int~)/VSV-transduced CD34 + ceils, nondi- 
vided CD34 + cells were isolated and analyzed after a further 
7 days of in vitro culture. Although the nondivided CD34 + ceils 
transduced by lenti/VSV were originally 45.5% GFP + , expres- 
sion fell to 3.7% at day 7, GFP was not detected in 3enti(int")/ 
VSV-transduced CD34 + cells after 7 days of culture. Compa- 
rable data were obtained in a second experiment. 

Transduction of CD34+ Ceils by Lentiviral Vectors. Since 
GFP protein was detectable in CD34 + cells exposed to non- 
integrating lentiviral vector, long-term assays were required to 
evaluate stable integration of lentiviral vectors in human 
hematopoietic cells. As shown in Fig. 3A. all three vectors 
(lenti/VSV, MLV/GALV, and MLV/VSV) were able to 
transduce CD34 + cells, a largely cycling, committed progenitor 
population, in the presence of growth factors. At 6 days after 
transduction (in most cases with a single exposure to virus), 
GFP expression with lenti/VSV was 24.4 ± 3.7% (n = 11), 
with MLV/GALV it was 18.5 ± 7.4% (n = 6), and with 
MLV/VSV it was 4.3 ± 1.7% (n = 5) (P = 0.25 for MLV/ 
GALV and F = 0.0003 for MLV/VSV, compared with lenti/ 
VSV). The reason for the low efficiency of transduction of 
CD34 + cells with MLV/VSV, despite high titers on 293 cells, 
is unclear but may be inefficient MLV vector processing after 
endocytosis of the VSV-pseudotyped particle. 

Only lenti/VSV produced relatively stable GFP expression 
(16.4 ± 2.8%) over 5 weeks of culture. GFP expression from cells 
transduced by either MLV/VSV or MLV/GALV fell to approx- 
imately 1 % by 5 weeks (P = 0.002 for MLV/GALV and P = 0.003 
for MLV/VSV, compared with lenti/VSV). CD34+ cells exposed 
to ienti(snr)/VSV showed no GFP expression in LTC. 

Growth factors (e.g., IL-3, IL-6, and SF) are routinely used 
to induce CD34 + cell cycling to achieve MLV transduction but 
may also induce differentiation and loss of long-term engraft- 
ing capacity (43, 44). Therefore, we determined whether 
lentiviral vectors could transduce CD34 + cells in the absence 
of growth factors with brief (12-hr) exposure to virus. As 
shown in Fig. 3B, the lentiviral vector, but not the MLV 
vectors, was able to transduce CD34 + cells in these conditions. 
At 6 days after transduction, GFP expression with lenti/VSV 
was 9.9 ± 1,6% (n = 11), with MLV/GALV it was 0.6 ± 0.2% 
(n = 8), and with MLV/VSV it was 0.2 ± 0.1% (n = 7) (F = 
0.0002 for MLV/GALV and P = 0.0001 for MLV/VSV, 
compared with lenti/VSV). Once again, lenti/VSV produced 
stable GFP expression of 13.5 ± 2.5% for 5 weeks of culture, 
whereas the two MLV vectors produced no long-term expres- 
sion (F = 0.0004 for either MLV/GALV or MLV/VSV, 
compared with lenti/VSV). 

TraasduetisB of CD34+ CD38 " Ceils by Lentiviral Vectors. We 
next studied lentiviral transduction of CD34 + CD38" cells, a more 
primitive progenitor population almost entirely in Go which 
contains HSC and is relatively resistant to MLV vector transduc- 
tion (3", 40). As shown in Fig 3C, the lentivira! vector was able 
to efficiently transduce CD34~*CD3S" cells ar levels similar to the 
level for CD34" cells, while the MLV vectors produced low to 
undetectable levels of GFP early in culture. At 30 days after 
transduction, GFP expression with. lenti/VSV was 15.6 r 2.7% 
(n - 7), with MLV/GALV it was 0.1 - 0% (n - 4), and with 
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Fig. 2. Vector expression in nondivided and diyided CD34 + cells. PKH26 fluorescence is brightest in nondivided ceils and decreases with each 
cell division. Cells that retain their original level of PKH26 fluorescence have not divided. Shown is GFP expression of four generations of 
CD34 + -gated cells. Each generation is represented by a different color in the dot plots, green indicating nondivided celis. (A) MLV/GALV. (B) 
lenti/VSV. (C) lenti(int")/VSV. (Lower) Percent GFP + cells is shown for each generation. 



MLV/VSV it was 2.9 ± 2.8% (n = 4) (P - 0.002 for MLV/ 
GALV and P = 0.01 for MLV/VSV, compared with lenti/VSV). 
Only lenti/VSV produced stable GFP expression (9.2 ± 5.2%) in 
extended LTC (ELTC) (P = 0.03 for either MLV/GALV or 
MLV/VSV, compared with lenti/VSV). Semiquantitative PGR 
analysis of DNA from nonadherent ceils from LTC demonstrated 
that the lentivira! vector had efficiertly transduced primitive 
progenitors (0.2-2.4 vector copies per cell at weeks 6-8) and 



confirmed the absence of vector DNA in LTC from 
CD34 + CD38~ cells exposed to MLV. 

ELTC-initiating cells (ELTC-IC) are a subpopuiation of 
CD34+CD38 cells that are quiescent and pluripotent and 
proliferate late in culture, generating CPU beyond 60 days and 
forming cobblestone areas after 30 days (11, 39, 45). As shown 
in Table 1, the ability of lenti/VSV to transduce ELTC-IC was 
confirmed by the presence of GFP + CPU at 6, 8, and 10 weeks 
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Fig. 3. Vector expression in transduced CD34 - and CD"34- | CD38 " ceils. FACS analysis was performed on LTC of transduced cells at the time 
points indicated. Mean ± SEM for al! experiments is shown Foi al! panels, the legend of vectors is as follows: lenti/VSV = solid line with O; 
MLV/GALV = dashed line with □, and MLV/VSV - broken-dashed line with a. (A) CD34 + cells transduced with growth factors by lenti/VSV 
(n = 11), MLV/GALV (n = 6), and MLV/VSV (r, = 51. (B) CD34+ ceils transduced in the absence of growth factors by lenti/VSV (n = 11), 
MLV/GALV (n = 8), and MLV/VSV (n = 7). (CI CD3-1+CD38- ceils transduced with growth factors by lenti/VSV (n = 7), MLV/GALV (n = 
4), and MLV/VSV (n = 4). (D) CD34 + CD38- ce'lls transduced in the absence of growth factors by lenti/VSV (n = 4), MLV/GALV (« = 4), 
and MLV/VSV (n = 2). 
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Tabie 1 . GFP transgene expression and vector DNA detection 
from lenti/VSV-transduced CFU 

Week % oi-f" % DNA ' 

1 8 35(6/17) 47(8/17) 

2 6 50(17/34) 91 (31/34) 
10 96 (46/48) 94 (45/48) 

CFU arising from LTC at weeks 6-10 were analyzed for GFP 
expression and vector DNA. In parentheses is the number of GFP+ or 
DNA + CFU/the total number of CFU. 

of ELTC, PGR of individual CFU arising after 6 weeks of LTC 
confirmed the presence of the transgene in lentiviral vector- 
transduced CD34 + CD38~ cells. Thus, lentiviral vectors and 
not MLV vectors are able to transduce ELTC-IC (11). 

To provide the most stringent test of transduction of qui- 
escent cells, CD34 + CD38~ cells were briefly exposed to virus 
in the absence of growth factors. As shown in Fig. 3D, only 
ienti/VSV (n = 4) was able to transduce CD34+CD38" cells 
without growth factor stimulation (5 ± 3.5% at 25 days) with 
persistent GFP expression late in culture (12.2 ± 9.7% at 10 
weeks). As expected, both MLV/GALV (n = 4) and MLV/ 
VSV (n = 2) were unable to transduce CD34+CD38 - cells 
without growth factors. Again, semiquantitative PCR analysis 
of DNA from nonadherent cells from LTC demonstrated the 
high transduction efficiency of CD34 + CD38~ cells by lentiviral 
vectors (0.4-1.3 copies per ceil at weeks 7-10) and confirmed 
the absence of vector DNA in CD34 + CD38~ cells transduced 
by MLV. 

Clonal Analysis of CD34 + CD38~ Cells Transduced by Len- 
tiviral Vectors, To analyze the stable transduction of clono- 
genic CD34+CD38" cells on a single-ceil level, CD34 + CD38" 
cells were isolated after one exposure to virus and plated in 
individual wells. New colonies thai appeared each week were 
scored for GFP expression by fluorescent microscopy and 
FACS analysis. Late-appearing clones (those appearing after 
4 weeks in culture) are the equivalent of ELTC-IC (9, 11). As 
shown in Table 2, MLV/GALV was able to transduce' 2% 
(2/124) of the total cells that formed colonies, all of which 
appeared within the first 2 weeks (2/80, or 3%) and thus were 
generated from early proliferating cells. MLV/VSV was un- 
able to transduce any of the CD34 + CD38~ cells. In contrast, 
lenti/VSV was able to transduce 29% (83/285) of the total 
clones that formed colonies, with comparable transduction 
efficiencies for early and late-appearing clones. Thus, lenti/ 
VSV provided efficient stable transduction of both prolifer- 
ating and quiescent primitive CD34 + CD3S~ cells. 

DISCUSSION 

A major technical problem revealed in all clinical gene therapy 
trials using MLV vectors has been the ability of MLV to 
efficiently transduce mature committed human hematopoietic 
progenitor cells but not pluripotent long-term repopulating 
HSC (46). Transduction of HSC is necessary to achieve 
enduring production of genetically corrected hematopoietic 



Table 2. Clonal analysis of GFP transgene expression in single 
transduced CD34+CD38- cells 



Week 


MLV/GALV 


MLV/VSV 


lenti/VSV 


1 and 2 


2/80 


0/105 


49/172 


3 


0/31 


0/48 


25/92 




0/11 


0/7 


8/18 


5 


0/2 


0/3 


1/3 


Total 


2/124(2%)* 


0/163 (0%)t 


83/285 (29%) 




of GFP expression 


in clones from s 


ngle CD34 + CD38~ 



ceils grown in cobblestone area-forming cell assay, Shown is the 
number of GFP + coionies/the total number of colonies (n = 2). *, 
P = 0.03; and t, p = 0.04 compared to lenti/VSV. 
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and lymphoid cells in a clinical setting. The data presented 
here demonstrate that lentiviral vectors pseudotyped with the 
VSV envelope are able to transduce a hematopoietic progen- 
itor population qjalirativeiv d fferent from that transduced by 
MLV retroviruses. Although both MLV and lentiviral vectors 
efficiently transduced CD34 + progenitors stimulated to divide 
during transduction, only lentiviruses could transduce more 
primitive, quiescent progenitors. The most stringent test of this 
ability was successful transduction of ELTC-IC, a subpopula- 
tion of CD34+CD38" cells that divide late in culture despite 
continuous cytokine stimulation. The demonstration of the 
transgene in CFU arising after 60 days of ELTC, and in 
late-appearing clones derived from single CD34 + CD38~ cells, 
proved the stable integration of the lentiviral vector into 
CD34 + CD38- ELTC-IC. 

Previous reports on the transduction of human hematopoi- 
etic progenitors with lentiviral vectors have used short-term 
functional assays or immunophenotypic definitions as surro- 
gate markers of HSC (25. 30). These approaches can result in 
misleading conclusions. Short-term assays of CD34 + cells (e.g., 
CFU) measure mature progenitors, most of which are cycling 
and divide rapidly with growth factor stimulation. These cells 
are readily transduced by MLV vectors, and they have little or 
no long-term engrafting ability (6, 47-50). Although immu- 
nophenotypic definitions have been helpful for the enrichment 
of HSC, populations such as CD34 + CD38~ ceils are function- 
ally heterogeneous, particularly with respect to cytokine re- 
sponsiveness and their ability to be transduced (11, 51). By 
studying CD34 + CD38~ cells in ELTC, we were able to mea- 
sure a subpopulation of slowly dividing cells that possess other 
primitive characteristics expected of HSC, namely tremendous 
generative capacity (11) and pluripotentiallty (45). It is likely 
that ELTC-IC are a population similar if not identical to the 
Song-term repopulating CD34 + CD38~ cells measured by two 
in vivo assays of human HSC, the beige-nude-xid (bnx) and 
non-obese-diabetic/severe combined immune deficient 
(NOD/SCID) xenograft models (15, 52). CD34+CD38 " ceils 
that repopulate bnx and NOD/SCID mice are also highly 
resistant to transduction with MLV. 

A second problem with using short-term assays for the 
assessment of stable lentiviral transduction is that transient 
expression can occur from nonintegrated lentiviral vectors. 
Pseudotransduction, particularly when using VSV 
pseudotyped vectors, can also result in transient detection of 
marker protein (37). This potential for artifact from noninte- 
grated lentivirus was clearly shown in our studies by short-term 
transgene expression in up to 38% of nondividing cells with an 
integrase-defective lentiviral vector, although the average ex- 
pression level of the transgene was significantly lower than with 
wild-type vector. The integrase-defective vector was unable to 
produce stable long-term expression, suggesting that integra- 
tion and not nuclear localization limits stable transduction of 
cells prior to cell division. Only integration of vectors into the 
target cell genome will allow the permanent and enduring 
clinical benefit desired in clinical trials of HSC gene therapy. 

In this report we compared ientiv'irus with the MLV/GALV 
retroviral vector in all assays of transduction, as MLV has long 
been the gold standard in vector technology for HSC. The moi 
used for lenti/VSV was higher than for MLV/GALV based on 
titers obtained with short-term assay of 293 ceils. However, 
pseudotransduction and/or transient expression in 293 cells 
may result in inaccurately high titers with lenti/VSV. It is 
therefore difficult to directly compare vectors based on moi. 
Uchida et al. (31) compared lentiviral vectors to MLV vectors 
in short-term assays and in clonal assay and showed stable 
integration of lentivirus into CD34 + Thy-l + CD38"' 1u cells. 
This study and our own provide the most compelling evidence 
to date of the superiority of lentiviral vectors pseudotyped with 
VSV over MLV-based vectors. 
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The finding that CD34 + CD38 " cells can be transduced even 
in the absence of growth factor stimulation and after only brief 
exposure to lentivirus confirmed that Ientiviruses can trans- 
duce primitive, quiescent progenitors. Currently, several days 
of ex vivo stimulation are required to induce cycling for 
successful transduction of progenitors with MLV, after which 
much of the long-term repopulating ability is lost (12-14, 16, 
17). The ability to transduce HSC without growth factor 
stimulation and to minimize the time that HSC spend ex vivo 
has obvious advantages for preservation of stem cell function. 
Studies analyzing gene transfer into long-term repopulating 
cells of large animals and using xenograft models to study 
human long-term repopulating cells will provide further in- 
formation on the advantages that Ientiviruses offer for HSC 
transduction. Third-generation, self-inactivating HIV-l-based 
vectors (32) are currently under study with biosafety issues in 
mind. The findings presented hefe strongly suggest that Ien- 
tiviruses may provide the technical leap needed to achieve 
therapeutic levels of gene transfer into human HSC and justify 
further intensive investigation into this vector strategy. 
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Vectors derived from human immunodeficiency virus (HIV) are highly efficient vehicles for in vivo gene de- 
livery. However, their biosafety is of major concern. Here we exploit the complexity of the HIV genome to pro- 
vide lentivirus vectors with novel biosafety features. In addition to the structural genes, HIV contains two regu- 
latory genes, tat and rev, that are essential for HIV replication, and four accessory genes that encode critical 
virulence factors. We previously reported that the HIV type 1 accessory open reading frames are dispensable 
for efficient gene transduction by a lentivirus vector. We now demonstrate that the requirement for the tat gene 
can be offset by placing constitutive promoters upstream of the vector transcript. Vectors generated from con- 
structs containing such a chimeric long terminal repeat (LTR) transduced neurons in vivo at very high effi- 
ciency, whether or not they were produced in the presence of Tat. When the rev gene was also deleted from the 
packaging construct, expression of gag and pol was strictly dependent on Rev complementation in trans. By the 
combined use of a separate nonoveriapping Rev expression plasmid and a 5' LTR chimeric transfer construct, o 
we achieved optimal yields of vector of high transducing efficiency (up to 10 7 transducing units [TU]/ml and I 
10 4 TU/ng of p24). This third-generation lentivirus vector uses only a fractional set of HIV genes: gag, pol, and g 
rev. Moreover, the HIV-derived constructs, and any recombinant between them, are contingent on upstream re 
elements and trans complementation for expression and thus are nonfunctional outside of the vector producer 
cells. This split-genome, conditional packaging system is based on existing viral sequences and acts as a | 
built-in device against the generation of productive recombinants. While the actual biosafety of the vector will t=; 
ultimately be proven in vivo, the improved design presented here should facilitate testing of lentivirus vectors. g 



Lentiviruses have attracted the attention of gene therapy 
investigators (45) for their ability to integrate into nondividing 
cells (8, 15, 16, 25, 26). We previously developed replication- 
defective vectors from the lentivirus human immunodeficiency 
virus (HIV) and showed that they transduce target cells inde- 
pendent of mitosis (32). The vectors proved highly efficient for 
in vivo gene delivery and achieved stable long-term expression 
of the transgene in several target tissues, such as the brain (5, 
33), the retina (31), and the liver and muscle of adult rats (21). 
A major concern, however, is the biosafety of vectors derived 
from a highly pathogenic human virus. 

The complexity of the lentivirus genome may be exploited to 
build novel biosafety features in the design of a retrovirus vec- 
tor. In addition to the structural gag, pol, and env genes com- 
mon to all retroviruses, HIV contains two regulatory genes, tat 
and rev, essential for viral replication, and four accessory 
genes, vif, vpr, vpu, and nef, that are not crucial for viral growth 
in vitro but are critical for in vivo replication and pathogenesis 
(27). 

The Tat and Rev proteins regulate the levels of HIV gene 
expression at transcriptional and posttranscriptional levels, re- 
spectively. Due to the weak basal transcriptional activity of the 
HIV long terminal repeat (LTR), expression of the provirus 
initially results in small amounts of multiply spliced transcripts 
coding for the Tat, Rev, and Nef proteins. Tat increases dra- 
matically HIV transcription by binding to a stem-loop structure 
(transactivation response element [TAR]) in the nascent RNA, 
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thereby recruiting a cyclin-kinase complex that stimulates tran- * 
scriptional elongation by the polymerase II complex (46). Once ^ 
Rev reaches a threshold concentration, it promotes the cyto- ^ 
plasmic accumulation of unspliced and singly spliced viral tran- § 
scripts, leading to the production of the late viral proteins. Rev ® 
accomplishes this effect by serving as a connector between an .-J 
RNA motif (the Rev-responsive element [RRE]), found in the o 
envelope coding region of the HIV transcript, and components o 
of the cell nuclear export machinery. Only in the presence of 
Tat and Rev are the HIV structural genes expressed and new 
viral particles produced (27). 

In a first generation of HIV-derived vectors (32), viral par- 
ticles were generated by expressing the HIV type 1 (HIV-1) 
core proteins, enzymes, and accessory factors from heterolo- 
gous transcriptional signals and the envelope of another virus, 
most often the G protein of the vesicular stomatitis virus (VSV 
G) (9) from a separate plasmid. In a second version of the 
system, the HIV-derived packaging component was reduced to 
the. gag, pol, tat, and rev genes of HIV-1 (51). In either case, the 
vector itself carried the HIV-derived m-acting sequences nec- 
essary for transcription, encapsidation, reverse transcription, 
and integration (2, 4, 22, 24, 29, 30, 32, 35). It thus encom- 
passed, from the 5' to 3' end, the HIV 5' LTR, the leader 
sequence and the 5' splice donor site, approximately 360 bp of 
the gag gene (with the gag reading frame closed by a synthetic 
stop codon), 700 bp of the env gene containing the RRE and 
a splice acceptor site, an internal promoter (typically the im- 
mediate-early enhancer/promoter of human cytomegalovirus 
[CMV] or that of the phosphoglycerokinase gene [PGK]), the 
transgene, and the HIV 3' LTR. Vector particles are produced 
by cotransfection of the three constructs in 293T cells (32). In 
this design, significant levels of transcription from the vector 
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LTR and of accumulation of unspticed genomic RNA occur 
only in Ihs presence of Tat and Rev. 

Here, we demonstrate thai the wens-acting function of Tat 
becomes dispensable if part of the upstream LTR in the trans- 
fer vector construct is replaced by constitutively active pro- 
moter sequences. Furthermore, we show that the expression of 
rev in trans allows the production of high-titer HIV-derived 
vector stocks from a packaging construct which contains only 
gag and poi. This design makes the expression of the packaging 
functions conditional on compienseniation available only in 
producer cells. The resulting gene delivery system, which con- 
serves only three of the nine genes of HIV-1 and relies on four 
separate transcriptional units for the production of transducing 
particles, offers significant advantages for its predicted bio- 
safety. 



MATERIALS AND METHODS 

Transfer vector constructs. pHft'CMV-LacZ arid pHR'CMV-Lucii'erase hate 
teen described elsewhere (32). pHR2 is a lentivirus transfer vector in which the 
polyiinker arid downstream nef sequences up to the Kpnl site of pHR' have been 
replaced wuti a OsiiSfxI/SnaBVSmaVBairiHVSacWEcoRi polyiinker pH82 was 
generated by replacing Ok i"-kb Cial-Seef fragment of pHR'CMVIacZ wi;h a 
607-bp GahSacl fragment generated by PCR using pHR'CMVIacZ as the tem- 
plate with oligonucleotide primers 5'-CCATCGATGGACTAGTCCTACGTA 
TCCCCGGGGACGGGATCCGCGOAA-n'CCGriTAAGACCAATGAC- 
3' and 5'-TTATAATGTCAAGGCCTCrC-3 , > followed by digestion with C/ai 

pHR2PGK-NGFR, pHR2CMV-NGFR, and pHR2MFG-NGFR are lentivirus 
transfer vectors in which the truncated low-affinity nerve growth factor receptor 
(NGFR) (S) trsjisgenes under the control of the murine PGK, human CMV, and 
Moloney leukemia vims (MLV) promoters, respectively, have been inserted into 
the polyiinker of pHR2. The pHR2PGK-NGFR iransgene encodes no intron se- 
quences, She pHR2CMV-NGFR vector includes the intron from plasmid pMD (34), 
and the pHR2MPG-NGFR vector contains the MLV iatron from MFG-S {3«>. 

oRRL, pRLL, pCCL, and pCLL are lentivirus transfer vectors containing 
chimeric Rous sarcoma virus (RSV)-HIV or CMV-HIV 5' LTRs and vector 
backbones sn which the simian virus 40 polyadenylatfon and (enharicerless) 
origin of replication sequences have been included downstream of the HIV 3' 
LTR, replacing most of the human sequence remaining from the HIV integra- 
tion site, in pRRL, the enhancer and promoter (nucleotides -233 to -1 relative 
to the transcriptional start site; GenBank accession no, J02342) from the U3 
region of RSV are joined to the R region of the HIV-1 LTR. In pRLL, the RSV 
enhancer (nucleotides -233 to -50} sequences are joined to the promoter 
region (from position -78 relative to the transcriptional start site) of HIV-1. 
In pCCL, the enhancer and promoter (nucleotides -673 to - I relative to the 
transcriptional start site; GenBank accession no. K03104) of CMV were joined to 
the R region of HIV-1. in pCLL, the CMV enhancer (nucleotides -673 to -220) 
was joined to the promoter region (position -78) of HIV-i . Exact sequences and 
details of construction are available on request. 

pHR2hPGK-GFP, pCCUiPGK-GFP. pOJLhPGK-OFP, dRRi-hPGK GFP, 
and pRLLhPGK.GFP are lentivirus transfer vectors containing the enhanced 
green fluorescent protein (eGFP) (750-bp B«m HI-Afort fragment from pEGFP- 
1: Clontech) coding region, under the control of the human PGK promoter 
(nucleotides 5 to 516; GenBank accession no: Ml 1958), inserted into the poly- 
linker region of each parental vector pRRLGFP was obtained by deletion of trie 
Xho\-Bam\ \\ fragment containing the PGR promoter from pR R LhPG K-GFP. 

pRRLhPGK.GFP.SlN-18 is a vector in which 3' LTR sequences from -418 to 
-18 relative to the U3/R border have been deleted from pRLLh.PGK.GFP (52). 

Packaging constructs. The rat-defective packaging construct OCMVAR8.93 
was obtained by swapping an EcoRi-Sacl fragment from plasmid R7/pneo(-) 
(12) with the corresponding fragment of pCM~VAR8.91, a previously described 
plasmid expressing Gag, Poi, Tat, and Rev (51), This fragment has a deletion 
affecting the initiation codon of the tat gene and a frameshift created by the 
insertion of an Mlul linker into the fi?«3oI site as described previously. 
pCMVAR8.74 is a derivative of pCMVAR8.91 in which a 133-bp SacU fragment, 
containing a splice donor site, has been deleted from the CMV-derived region 
upstream of the HIV sequences to optimize expression. 

pMDLg/p is a CM V-driven expression plasmid that contains only the gag and 
poi coding sequences from HIV-1. First, pfcj/2Lg,'p was constructed by Sigatsng a 
4.2-kb Cial-EcoRl fragment from pCMVAR8.74 with a 3.3-kb EcoRhHindm 
fragment from p*at2 (14) and a 0.9-kb HiiidTil-N'col fragment from pkat2 along 
with an Ncol-Clal linker consisting of synthetic oligonucleotides 5'-CATGGGT 
GCGAGAGCGTCAGTATrAAGCGGGGGAOAAITAGAT-3' and 5'-CG 
/vTCrrAArrCrCCCCCGC'ITAATACTGACGCTCTCGCACC-3'. Next, 
pMDL(>'P was. constructed by inserting the 4.25-kb £ccRI fragment from 
pte/2Lg/p into the EeoRl site of pMD-2. pMD-2 is a derivative of pMD.G (34) 
in which the pXF3 plasmid backbone of pMD.G has been replaced with a 



minimal pUC plasmid backbone and the 1.6-kb VSV G-encoding £coRI frag- 
ment has been removed. 

pMDLg/pRRE differs from pMDLg/p by the addition of a 374-bp RRE-con- 
taining sequence from HIV-1 (HXB2) immediately downstream of the poi cod- 
ing sequences. To generate pMDLg/pRRE, the 374-bp JV«I-«wdIII RRE-con- 
taining fragment from pHR3 was iigated into the 9.3-kb Notl-Bg!l\ fragment of 
pVL1393 flnvitrogen) along with a HindlU-BgiU oligonucleotide linker consist- 
ing of synthetic oligonucleotides 5'-AGCnc'CGCGGA-3' and 5'-GATCTCC 
OCGGA-3' to generate pVU393RR£ (pHRJ was derived from pHR2 by the 
removal of HIV env coding sequences upstream of the RRE sequences m 
pHR2). A Noil site remains at the junction between the gag and RRE sequences. 
pMDLg/pRRE was then constructed by ligating the 380-bp EcoKi-Sstll fragment 
from pV1393RRE with the 3.15-kb SstYl-Ndel fragment from pMD-2FLX (pMD- 
2F1X is a human factor IX-containing variant of pMD-2 which has an Ssill site 
at the y end of the factor IX insert), the 2.25-kb Ndel-Avnl fragment from 
pMDLgty, and the 3.09-kb/lwil-Sc.oRI fragment from pkailLg/p (14). 

pRSV-Rev and pTK-Rev (generous gifts of T. Hope. Saik institute) a:c rev 
cDNA-expressing plasmids in which the joined second and tf;i:d exons of HIV- 1 
jw are under the transcriptional control of the RSV U3 and herpes simplex virus 
type 1 thymidine kinase (TK) promoters, respectively. Both expression piasmids 
utilize polyadenyiaiion signal sequences from the HIV LTR in a pUCliS pias- 

Yector piwduction and assays. Vectors were produced by transient nansfec- 
tion into 293T cells as previously described (33), with the following modifications, 
A total of 5 x 10* 293T cells were seeded in 10-cm-diameter dishes 24 h prior to 
transfection in Iscove modified Dulbecco culture medium (JRH Biosciences) 
wish 10% fetal bovitie serum, penicillin (100 lU/mi), and streptomycin (100 
ug/ml) in a 5% CO., incubator, and the culture medium was changed 2 h prior 
to transfection. A total of 20 u-g of plasmid DMA was used for the transfection 
of one dish: 3.5 u,g of the envelope plasmid pMD.G, 6.5 jig of packaging plasmid, q 
and 10 u% of transfer vector piasmid. Tne precipitate was formed by adding the 9 
plismid's'to a final voiume of 450 u,t of 0.1 x TE ( i X TE is 10 m.M Tr=s [pH S.0) 5 
plus I mM EDTA) and 50 iii of 2 5 M CaCI,, mixing weii, then adding dropwise g 
500 u.1 of 2X HEPES-buffered saline (28! mM NaCI, 500 mM HEPES, 1.5 mM Q. 
Na 2 HPC 4 [pH 7,12)) while vortexing and immediately adding the precipitate to S. 
the cultures. The medium (10 ml) was replaced after 14 to 36 h; the conditioned g* 
medium was collected after another 24 h, cleared by low-speed centrifugation, g 
and filtered through 0.22-u.m-pore-size cellulose acetate filters. For in vitro ex- «jr 
periments, serial dilutions of freshly harvested conditioned medium were used to - & " 
infect 10 s ceils in a six-well plate in the presence of Poiybrene (8 ug/ml). Viral « 
p24 antigen concentration was determined by immunocapture (Alliance; Du- g 
Pom-NEN). Vector batches were tested for the absence of replication-compe- ^ 
tent virus by monitoring p24 antigen expression in the culture medium of trans- ^ 
duced SupTl lymphocytes for 3 weeks. In all cases tested, p24 was undetectable "< 
(detection limit, 3 pg/mi) once the input antigen had been eliminated from the § 
cuiture. Transducing activity was expressed in transducing units (TU). <=- 

Northern blot SHsiysis. 'rota! RNA was Isoiated from i\ lfj> to 2 / 10' ceiis S 
harvested at confluence by using RNAso! B as suggested by the manufacturer; 10 ® 
to 20 u,g of RNA was loaded per weii on \% agarose gels, using NorthernMax _-i 
(Ambion, Austin, Tex.) reagents as described by the manufacturer. Transfer was "ro 
to Zetabind membranes (Cuno Inc., Meridien, Conn.) by either capillary transfer 2 
or pressure blotting (Stratagene). 3J P-labe!ed probes were made by random prim- ° 

Intracerebral injection of vectors. Twelve Fischer 344 male rats weighing 
approximately 220 g were obtained from Harlan Sprague-Dawley (Indianapolis, 
Inc.). The rats were housed with access to ad libitum food and water on a 12-h 
light/dark cycle atsd were maintained and treated in accordance with published 
National Institutes of Health guidelines. All surgical proccdwes were performed 
with the rats under isoflurane gas anesthesia, using aseptic procedures. After a 
rat was anesthetized in a sleep box, it was placed in a small animal stereotaxic 
device (Kopf Instruments, Tujunga, Calif.) using the earbars, which do not break 
the tympanic membrane. Tne rats were randomly divided into one control and 

of lentivirus vector concentrated by ultracentrifugation at 50,000 X g for 140 m'in 
at 20*C (33) in phosphate-buffered saline (PBS) was injected consecutively into 

AP 0.0, LAT ±3.0, DV -5.5, -4,5, -3.5 with the incisor bar set at 3.3 mm 
below the intra-aural line [36]), using a continuous-infusion system as described 
previously in detail (28). During the injection, the needle was slowly raised 1 mm 
in the dorsal direction every 40 s (3-mm total withdrawal). One minute after 
cessation of the injection, the needle was retracted an additional 1 mm and then 
left in place for an additional 4 min before being slowly withdrawn from the brain. 

Histoioj-y. One month after vector injection, each animal was deeply anesthe- 
tized witls intraperitoneal pentobarbital and perfused through the aorta with 
sterile PBS, followed by ice-cold 4% paraformaldehyde perfusion. The brains 
were removed from the skulls, postfixed in 4% paraformaldehyde by immersion 
for 24 h, and then transferred into a 30% sucrose-PBS solution for 3 to 4 days, 
until the brains sank to the bottom of their containers. The brains were then 
frozen on dry ice, and 40-u.m-thick coronal sections were cut on a sliding micro- 
tome. Sections were collected in series in microliter weii piates that contained a 
glycerin-based antifreeze solution, and they we;e kept at -30"C until further 
processiiig, Immuitocytochemisiry was performed according to the genera! pro- 
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FiG, J. Northern analysis of the RNA expression from lentivirus vectors. Three pHR2 vectors carrying an expression cassette for the same transgene (truncated 
low-affinity NGFR) arid driven by three different promoters (PGK, CMV, and retroviral MFC) were analyzed in nrodircer and transduced cells. Total RNA was 
extracted and analyzed by Northern blotting with a probe specific for the transgene sequence. (A) Schematic of the vector construct depicts the species of RNA driven 
by the internal promoter (Prom.; broken arrow, shorter transcript) and the viral LTR (solid arrows, longer transcripts; the two species differ for the sf 
intron). The splice donor and acceptor sites (SD and SA), the packaging sequence CI'), the truncated jag sequence (GA), and the RRE are indicate 
constructs were transfecsed in 293T ceils without or with the packaging construct, (C) Vector particles produced by the 293T transfecsarits were used to transduce HeLa 
cells. !n the absence of the vsra! transactivators, supplied by the core packaging construct only in the producer cells, vector expression occurs mainly from the interna! 
promoter. Note the dramatic enhancement of the upstream transcription and the accumulation of unspliced RNA (carrying the "9 sequence) in the presence of the 
packaging construct, in the transduced cells, the LTR is silenced. Note that the three expression cassettes diner in tne size or the promoters and 5' untranslated 
sequence. In each case, the smallest RNA species represents transcripts initiated from the internal promoter, while the intermediate-Size and larger species correspond 
to spliced and unspliced l-TR-drivcn RNAs. respectively. 



cedure described previously (44). After several PBS rinses and an incubation in 
3% hydrogen peroxide, the sections were placed in a 3% normal goat serum. The 
sections were then incubated in the primary anti-GFP antibody (1:1,000; Clon- 
tech, Faio Alto, Calif.) in \% normal goat senim-0, 1 % Triton"x-100 overnight 
at room temperature. After rinsing, the sections were incubated in the biotin- 
ylated rabbit asiti-goat secondary antibody (Vector, Burlingame, Calif.) for 3 h. 
After rinsing. She sections were incubated with horseradish psrojiidase-strepta- 
vidin and then reacted by using a purple chromagen kit (VIP; Vector), mounted, 
dried, dehydrated, and coverslipped. 

RESULTS 



Tat is required to produce a vector of efficient transducing 
activity. To investigate the role of Tat in Ihe production of 
transducing particles, expression from lentivirus vectors was 
first examined by Northern analysis (Fig, 1). The patterns of 
RNAs induced by transfer vectors in which ihe transgene was 
driven by an internal PGK, CMV, or retrovirus MFG promoter 
were studied in both producer and target cells. In transfected 
293T cells, expression occurred mainly from the internal pro- 
moter. When a packaging construct expressing both Tat and 
Rev was cotransfected, a dramatic enhancement of transcrip- 
tion from the LTR was observed, with an accumulation of 
unspliced vector RNA. In cells transduced wish the vectors, 
that is, in the absence of Tat and Rev, transcription from the 
LTR was almost completely suppressed, the residual tran- 
scripts underwent splicing, and the internal promoter was re- 
sponsible for most of the expression. 

A packaging plasmid carrying two mutations in tat (pCMVAR 
8.93) was then constructed. The first mutation is a deletion of 
the T in the ATG initiation codon of the tat gene; the second 
is an insertion of a Mlul linker producing a translation stop 
codon after residue 46 of the Tat protein. These changes con- 
fer a far-defective phenotype to HIV-1 (12). After transferors 
of the control or ?«f-defective packaging constructs into 293T 
cells, comparable yields of vector particles were recovered in 
the culture medium, as assayed by using the Gag p24 antigen 
(see Table 3), Such Tat independence was expected from the 
replacement of the HIV LTR by the constitutive CMV pro- 
moter in the packaging construct. However, the particles pro- 
duced in the absence of Tat had a dramatically reduced trans- 
ducing activity (Table 1): 5 to 15% of that of particles 
produced by the control Tat-posiiive packaging construct. 



We also tested wheiher the Tai -defective phenotype could \ 
be rescued by eompletnematlon in target cells (Table I). Hel-a- i 
tai cells, a eel! line expressing Tai from ihe HIV-1 LTR ('■?), \ 
were transduced by vectors produced with or without Tat. The f 
expression of Tat in target ceiis did not compensate for the loss c 
in transduction efficiency of vector produced without Tat. i 

As expected from the Northern analysis, functional inacti- % 
vation of the tea gene resulted in a lower abundance of vector B 
RNA in producer ceils, This was indicated by the decrease it! I 
iuciferase activity in cells producing a luctferase vector without * 
an internal promoter. In this case, transgene expression di- ^ 



TABLE !. Transducing activities of ientivirus vectors made with -„> 
and without a functional tat gene in the packaging construct" ro 



pHR'CMV-LacZ 


293T 


1,056 ± 54 


152 


±26 


pHR2PGK-eGFF 
pHR'CMV-Luciferase 


HeLa 


5,566 




384 


HeLa 


3,000 ± 152 


152 


±26 




HeLa-tat 


3,777 ± 348 


486 


±59 


pHR'Luciferase c 


HeLa 


46± 1 


0.3 


± 0.003 




HeLa-tat 


3,296 ± 276 


174 





" Vectors were produced by transfection of the indicated transfer vector, a 
packaging construct either wish (pCMVAR8,9t) or without (pCMVARS.93) a 
functional tat gene, and plasmid pMD.G into 293T cells. Serial dilutions of 
transfectant conditioned medium were incubated with the indicated cells, and 
the cultures were scored after 3 days. For calculating transduction activity, sam- 
ples were selected from the linear portion of the vector dose-response curve. 

*LacZ transduction wes measured by 5-bromo-4-chloro-3-indolyl-p-D-galac- 
topyranoside (X-Ga!> staining and by expression of the number of blue cell 
colonies as a function of the amount of p24 antigen in the inoculum. eGFP 
transduction was measured by FACS analysis, multiplying the fraction of fluo- 
rescent cells by the number of infected cells, and expressing the result as a 
" ' "•' . - ~. tig eli (J-, t he inocisium. Luciferase transduction 

si RLU above background of 50 of culture 
e number of RLU x 10 " 2 by she number of nanograms of 
' . Means of duplicate (pHR2 FGK-eGFP) or tripli- 
ts) determinations are shown. 



was measured by lum 

extract and dividing th 
p24 antigen in the inoculi 
cate (all other con: 
c Without intern; 
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J-IG ?.. ! ranscnpiiona! aciivHics of wild-type and 5' chimeric vector con- 
stiurts «i the absence and presence of Tai. (A) Control oHRi and the 5' 
chimeric pB RL nanifcr construct carrying a PGK-cGFP expression cassette 

(pCMVflRS.yl; grey lint) or inactive (pCMV4B8 93; black line) r«! gene. GPP 



n higiiei 



d by tr 



weie further upregulated by Tai. (3) A pRRL construct carrying the sOFP gene 
without an internal promoter was transfected with a packaging constiuct carrying 
a functional (grey line, open area) or inactive (black line, open area) tat gene. 
Direct ypregiiiation of the chimeric ptomotri by Tai was observed. The filled 
area represents nontransfectcd cells. 



rectly reflects the abundance of transcripts originating from the 
LTR. 293T ceils producing luciferase vectors without Tat had 
only 5% of the luciferasc content of ceiis producing the same 
vector with Tat (fl.O - 0.2] X 10 9 relative light units fRLU]/ 
dish without Tai; [20.2 ± 0.7] x hf RLU/dtsh with Tat) This, 
ratio corresponded very closely so that observed in ceils trans- 
duced by either type of vector in ihe course of the same ex- 
periment (Table 1), suggesting that the abundance of vector 
RNA in producer ceiis is a rate-limiting factor in the transduc- 
tion by lentivirus vectors. 

One could thus conclude thai Tat is tequired in producer 
cells to activate transcription from the HIV LTR and to gen- 
erate vector particles with a high transducing activity. 

The tai requirement is offset by placing a constitutive pro- 
moter upstream of the transfer vector. If the only function of 
Tat is trans acti vation of vector transcription from the LTR, the 
.^/-defective phenotype should be rescued by placing a strong 
constitutive promoter upstream of the vector transcript. Three 
transcriptional domains have been identified in the HIV pro- 
moter in the U3 region of ihe LTR: the core or basal domain, 
the enhancer, and the modulatory domain (27). Transcription 
starts at the U3/R boundary, the first nucleotide of R being 
numbered 1. The core promoter contains binding sites for the 



TATA-binding protein (-28 to -24} and SP-1 (three binding 
sites between -78 to -45). The enhancer contains two binding 
sites for NF-kB which overlap with a binding site for NFATc 
(-104 to -81). The modulatory domain contain binding sites 
for several cellular factors, including AP-1 (-350 to -293), 
NFAT-1 (-256 to -218), USF-1 (-166 to -161), Ets-1 (-149 
to -141), and LEF (-136 to -125). A panel of 5' chimeric 
transfer constructs carrying substitutions of either all or part of 
the U3 region of the 5' LTR was generated. All substitutions 
were made to preserve the transcription initiation site of HIV. 
Partial substitutions joined new enhancer sequences to the 
core promoter of the" HIV LTR (-78 to 1), while full substi- 
tutions replaced also the promoter. pRLL and pRRL vectors 
carried the enhancer and the enhancer/promoter, respectively, 
of RSV; pCLL and pCCL vectors carried the enhancer and the 
enhancer/promoter of human CMV. 

Control pHR2 and 5' chimeric transfer constructs carrying a 
PGK-eGFP expression cassette were tested by transfection of 
293T cells with control or to^-defective packaging constructs, 
and the expression of the eGFP transgene was analyzed by 
fluorescence-aciivaled cell sorting (FACS). The RRL chimeric 
construct yielded a higher level of eGFP expression than the 
pHR2 vector, reflecting the constitutive transcriptional activity 
of the new sequence (Fig, 2A). Interestingly, the chimeric Q 
vector also displayed upregulation by Tai, as shown by the g 
increased eGFP expression of cells cotransfected with the con- 2. 
trol packaging construct. Tat upregulation was proven to be 8 
a direct effect by ttansfecting a pRRL-eGFP vector lacking g[ 
an internal promoter with control or iaf-defective packaging =r 
constructs arid analyzing GFP expression by FACS (Fig. 2B). | 
Comparable results were obtained with the other chimeric <; 
LTR vectors (no! illustrated). Vector particles were then col- g 
lected from the transfected producer ceils and assayed for 3 
transduction of eGFP into HeLa cells and human primary J 
lymphocytes (peripheral blood lymphocytes [PBL]). As shown a- 
in Table 2. all vectors had efficient transducing activity, as o 
assessed by endpoint titration on HeLa cells or maxima! trans- se- 
duction frequency of PBL. The vector produced by the pRRL g 
chimera was ss efficient as that produced by the pHR2 con- — 
sttuci and was selected k> test transduction independent of 
Tat. As shown in Table 3, the pRRL construct yielded a vector 2 
of only slightly reduced transducing activity (60%) when the ° 
packaging construct was tat defective, The residual effect of 



TABLE 2. GFF transduction by lentivirus vectors made by transfer 
constructs with a wild-type or 5' chimeric LTR 



Transduction efficiency or 
human lymphocytes 
(% positive celts) 6 



dHR2 
pCCL 


2.3 X 10 7 


30 


4.6 X i0 6 


14 


pCLL 


7.9 x 1Q 6 


18 


pRRL 


1.8 X 10 7 


29 


pRLL 


S.9 x 10 s 


18 



" Determined by multiplying the percentage of fluorescent cells for the vector 
dilution and the number of infected cells. Samples were selected from the linear 
portion of the vector dose-response curve. 

* Percentage of fluorescent human PBL after infection of 10* cells with 1 mi of 
vector containing medium. Primary human T lymphocytes were isolated and 
transduced as previously described (14). Vectors carrying a PGK-eGFP expres- 
sion cassette were produced by transfection of the indicated transfer construct, 
the packaging plasmid pCMVAR8.91, and the envelope plasmid pMD.G into 
293T ceils. Fluorescent cells were scored by FACS analysis 6 days after trans- 
duction. Data aie averages of duplicate determinations for a representative 
experiment of three performed. 
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TABLE 3. GFP transduction into HeLa cells by lentivitus vectors 
made by transfer constructs with a wild-type or 5' chimeric LTR 
and packaging constructs with or without a functional tat gene" 



Transfer 


tat gene in 
packaging 


Endpnint titer 
<TU/m]) 


p24 antigen 
(ng/m!) 


Transduction 

efficiency 
(TU/ng of p24) 


pHR2 


+ 


4.1 X 10* 


297 


13,805 


pHR2 




2.4 X 10 3 


545 


440 


pRRL 




1.3 X 10 7 


546 


23,810 


pRRL 




4.9 x 10 6 


344 


14,244 



" Vectors carrying a PGK-eGFP expression cassette were produced by trans- 
fection of the indicated transfer and packaging plasmid plus piasmid pMD.G into 
293T ceiis. Serial dilutions of transfectant conditioned medium were incubated 
with HeLa cells, and the cultures were scored after 6 days. For calculating 
endpoint titers, samples were selected from the linear portion of the v 



;. Data ; 

ative experiment of five performed. 



Tat on transduction was in agt cement with the ability of lat to 
apreguLte transcripiion from the chimeric LX'R. 

The iise of the chimeric I.TR construct allowed removal oi 
T<st from fhfc packaging system with a minimal loss, in ihc 



transduction efficiency of the vector in vitro. To test vector 
performance in the more challenging setting of in vivo delivery 
into brain neurons, high-titer vector stocks were generated 
from the pHR2 and pRRL constructs with and without Tat. 
The four stocks of eGFP vector were matched for particle 
content by p24 antigen and injected bilaterally in the neostriata 
of groups of three adult rats. The animals were sacrificed after 
1 month, and serial sections of the brain were analyzed for 
eGFP fluorescence (not shown) and immunostained by anti- 
bodies against eGFP (Fig. 3). The results obtained in vivo 
matched the in vitro data. Vector produced by the pHR2 
construct only achieved significant transduction of the neurons 
when packaged in the presence of Tat. Vector produced by the 
pRRL chimera was as efficient when made with or without Tat. 
The transduction extended throughout most of the striatum 
and reached a very high density of positive ceiis in the sections 
closest to the injection site. No signs of pathology were detect- 
able in the injected tissue, except for a small linear scar mark- 
ing the needle ttack, by hematoxylin and oosm staining of the 
sections (data not shown). 

These results provide evidence ih.it las is dispensable for 
elSicieni transduction by a lentivirus vector. 




FIG. 3. In vivo transduction ot eGFP mo brain ceiis by lentivirus vectors produced with and without Tat. Vectors carrying a PGK-eGFP expression cassette were 
procucrd h v ;he pHRZ (A and 8) ot the s cnuner.c pRRL (C and D> faciei <on&*roc' and a f,wsj>in£ conyru'l with ipCMVlRSSl, \ .vid ■.) or without 
tpCA1ViF% 93 B !i\1 D) : f u nct-^nal ui conrenu tte-A t»v uttiac^tr Juj^tifji. and nonr \\w-A for parta'ie content orior to injection Tto W> corpora siruto ■•' 
adult rats. One month after injection, brain sections were stained for lmmunoreacuvity to the GFP protein. While both types of vectors transduced neurons very 
efficiently when made with Tat, only the vector mace by the chimeric transfer construct worked as well when produced without Tai. Representative sections close to 
the injection site are shown for one of six striata injected per each type of vector. The bar in panel B represents 1 mm; that in the inset m panel A represents 100 nm. 
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TABLE 4. GFP transduction into HeLa cells by lentivirus vectors 
made by iirsked or split packaging constructs and 
a pRRL transfer construct" 

„„„,.. p24 Endpoin! Transduction 

.2 antigen titer efficiency 
piasmia (ng/m!) (TU/ml) (TU/ng of p24> 



pCMVAR8.74 




364 


1.07 X 10 7 


29,436 


pMDLg/pRRE 




<0.1 


ND 


NA 


pMDLg/pRRE 


TK-Rev, 5 }ig 


29 


6.9 X 10 s 


23,793 


pMDLg/pRRE 


TK-Rev, 12 fig 


94 


2.02 x 1G 6 


21,489 


pMDLg/pRRE 


RSV-Rev, 2.5 (Ag 


774 


1.0 X 10' 


13,495 


pMDLg/pRRE 


RSV-Rev, 5 jig 


776 


7.6 x 10 6 


9,761 


pMDLg/pRRE 


RSV-Rev, 12 fig 


565 


4.8 X 1Q 6 


8,495 



" Vectors carrying a PGK-eGFP expression cassette were produced by the 
transfeciicn of a ssif-inactivating pRRL transfer construct (with a deletion in the 
3' LTR [53]), the indicated packaging and rev plasmids, and piasmid pMD.G into 
293T cells. Serial diiutions of transfectant conditioned medium were incubated 
with HeLa celis, and the cultures were scored after 6 days. For calculating 
endpoint titers, samples were selected from the linear portion of the vector 
dose-response curve. Data are averages of duplicate determination for a repre- 
sentative experiment of three performed, ND, none detected (the detection limit 
of she assay was 10 2 TU/ml); NA, not applicabie. 

6 The promoter driving the expression of a synthetic rev cDNA and the amount 
of piasmid transfected are indicated, 



A isew split-genome conditional packaging system. The pos- 
sibility of deleting the tat gene prompted us to explore a new 
design of the packaging component of the HIV vector system, 
in which two separate nonoverlapping expression plasmids, 
one for the gag and pol genes and the other for the rev gene, 
were used. The gag and pol reading frames were expressed 
within the context of the MD cassette, which employs the 
CMV promoter and intervening sequence and the human 
p-giobin poly(A) site (34). All HIV sequences upstream of the 
gag initiation codon were removed, and the leader was modi- 
fied for optimal fit to the Kozak consensus for translation. This 
construct, however, expressed almost no p24 antigen when 
transfected alone in 293T ceils. This observation is in agree- 
ment with the previously reported presence of as-repressive or 
inhibitory sequences in the gag and pol genes (40, 41). The HIV 
RRE was then inserted downstream of the pol gene, and the 
resulting piasmid was cotransfected with a rev expression vec- 
tor (Table 4). High levels of p24 antigen production were 
observed in this case, the highest yields being obtained when 
rev was driven by an RSV promoter. When the gag-pol and the 
rev constructs were cotransfected with the pRRL chimeric 
transfer vector and the VSV G-expressing piasmid, high-titer 
vector was obtained in the culture medium. Both the yield of 
particles and their transducing efficiency were similar to those 
obtained with previous versions of the system. Northern anal- 
ysis of producer cells confirmed that unspliced vector genomic 
RNA accumulated only in the presence of Rev (data not 
shown). Thus, both the expression of the gag and pol genes and 
the accumulation of packageable vector transcripts are depen- 
dent on trans complementation by a separate Rev expression 
construct. Such a conditional packaging system provides an 
important safety feature unavailable to oncoretrovirus vectors. 

DISCUSSION 

The predicted biosafery of a viral vector depends in part on 
how much segregation of the cis- and fra/w-acting functions of 
the viral genome is achieved by the vector design and is main- 
tained during vector production. A vector particle is assembled 
by viral proteins expressed in the producer cell from a con- 
structs) stripped of the cfe-acting sequences required for the 
transfer of the viral genome to target cells (packaging con- 



struct). These ds-acting sequences are instead linked to the 
transgene in the transfer vector. As the vector particle pack- 
ages only the genetic information contained in this latter con- 
struct, the infection process is limited to a single round without 
spreading. Through recombination, it is possible that se- 
quences encoding viral proteins rejoin the ds-acting elements 
of the transfer vector. If the resulting recombinant expresses all 
required functions, it is able to replicate (i.e., it is a replication- 
competent retrovirus [RCR]) and presents a risk to the recip- 
ient. The formation of heterozygous vector particles containing 
RNAs from both the packaging and transfer vectors, followed 
by homologous recombination during reverse transcription, is 
the mechanism most often incriminated in the emergence of 
RCR during the production of retroviral vectors. The likeli- 
hood of this type of recombination is dependent on residual 
as-aeting sequences in the packaging piasmid, allowing some 
level of encapsidation, and on the extent of homology be tween 
packaging and vector constructs (10). 

A first strategy to improve the biosafety of a vector is to 
use nonoverlapping split-genome packaging constructs that 
require multiple recombination events with the transfer vec- 
tor for RCR generation. Earlier studies described several ap- 
proaches to generate replication-defective HIV vectors (7, 35, 
38, 42). However, these vectors could be produced only to 
low infectious titers, were restricted to CD4-positive cellular | 
targets, and carried the risk of generating wild-type HIV s 
by recombination of the components. A major advance was | 
achieved when an improved vector design was combined with g 
the use of the envelope of another virus (32, 33, 39). The s 
lentivirus vector that we describe here is packaged by three = 
nonoverlapping expression constructs, two expressing HIV "1 
proteins and the other expressing the envelope of a different g 
virus. Moreover, all HIV sequences known to be required for P 
encapsidation and reverse transcription (2, 22, 24, 27, 29, 30, J 
35) are absent from these constructs, with the exception of the ° 
portion of the gag gene that contributes to the stem-loop struc- c 
ture of the HIV-1 packaging motif (29). Z 

A second strategy to improve, vector biosafery took advan- = 
tage of the complexity of the lentivirus genome. The minima! - 
set of HIV-1 genes required to generate an efficient vector was ^ 
identified, and ail other HIV reading frames were eliminated £ 
from the system. As the products of the removed genes are c 
important for the completion of the virus life cycle and for 
pathogenesis, no recombinant can acquire the pathogenetic 
features of the parental virus. We previously demonstrated 
that all four accessory genes of HIV could be deleted from the 
packaging construct without compromising gene transduction 
(51). In this work, we went further by deleting another factor 
crucial for HIV replication, the tat gene. Its product is one of 
the most powerful transcriptional activators known and plays a 
pivotal role in the exceedingly high replication rates that char- 
acterize HIV-induced disease (18, 19, 47). 

It was found that Tat was required in producer cells to gen- 
erate vector of efficient transducing activity but that this re- 
quirement was offset by inducing constitutive high-level expres- 
sion of vector RNA. Due to the low basal transcription from 
the HIV LTR, Tat was necessary to increase the abundance of 
vector transcripts and allow their efficient encapsidation by 
the vector particles. When made in the absence of Tat, vector 
particles had 10- to 20-foid-reduced transducing activity. How- 
ever, when strong constitutive promoters replaced the HIV 
sequence in the 5' LTR of the transfer construct, vectors made 
without Tat exhibited a less than twofold reduction in trans- 
ducing activity. As Tat strongly upreguiated transcription from 
the chimeric LTR, the transducing activity of the output par- 
ticles must reach saturation. The abundance of vector RNA 
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in producer ceils thus appears to be a i He im.'-ng tac tor for 
transduction until it reaches a threshold Conceivably, a^ id 
per limit is set by the total output of pa tic.es av„i able *o en 
capsidate vector RNA. As the total particle c jOji vancd with 
the types of vector and internal promo-cr iisec th s nav cx 
plain the quantitative differences obtained in response tui 
deletion. 

Successful deletion of the tat gene was ur expecte : 1 1 v it w o 
a reported additional role for Tat in x& -vrse fai* r-ption H 7, 
20), While the reasons for this discrepancy are no' o'-»v oi . is 
should be noted that the transduction ps th*a> of the ler.tiv.r js 
vector mimics only in part the infection pathway of HIV. Tne 
vector is pseudotyped by the envelope of an unrelated virus 
and contains only the core proteins of HIV, without any ac- 
cessory gene product. The VSV envelope targets the vector to 
the endocytic pathway, and it has been shown that redirection 
of HIV-1 from its normal route of entry by fusion at the plasma 
membrane significantly changes the biology of the infection 
For example, Nef and cyclophilin A are required for the opti- 
mal infectivity of wild-type HIV-1 but not of a (VSV G) HIV 
pseudotype {!). It is also possible that the kinetics of -everse 
transcription are more critical for the establishment o? virJ 
infection than for gene transduction, given the differences in 
size and sequence between the virus and vector genome. 

Tat-independent transduction by an HIV-based vector was 
recently reported by Kim et al. for in vitro cellular targets (23). 
In the vector designed by these authors, however, las and Rev 
were expressed from the transfer vector and thus were aiso 
present in target ceiis. A CMV-HIV hybrid LTR was used; this 
construct yielded vector titers approximately 30% of that ob- 
tained with an intact LTR. When the tat gene was inactivated, 
the titer did not change. Srinivasakumar et al. (43) previously 
reported a rather low (5- to 10-foid) dependence on Tat of an 
HIV-based vector produced by cells stably expressing the HIV 
structurai proteins. In this case, titers of 5 X 10 3 TU/m! with 
Tat and 7 X 10 2 TU/ml without Tat were obtained on HeLa- 
CD4 cells. Although these titers are much lower than those 
reported here, the vector particles carried the HIV envelope, 
an indication that Tat is not absolutely required for transduc- 
tion by vector particles which in that case mirror more closely 
the wild-type virus. It remained possible, however, that a depen- 
dence on Tat may be revealed in more challenging gene deliv- 
eries into the body tissues that are the actual targets of gene 
therapy. This could have been due to a stricter Tat require- 
ment for optimal transduction efficiency or for the production 
of high-titer vector stocks or to differences in cell-type-specific 
factors. Our results now establish that Tat is fully dispensable 
for Sentivirus vector transduction even when high titers are 
achieved and, most importantly, for gene delivery in vivo into 
terminally differentiated neurons of an adult rat brain. 

The Northern analysis of producer and target cells shows 
that J he Tat dependence of LTR-driven expression restricts the 
production of vector genomic RNA to producer cells. This 
applies as we!! lo vectors made by the 5' chimeric constructs, as 
the U? sequences of both LTRs of she resulting provirus are 
derived from the vector 3' LTR, However, the functional re- 
placement of the tat gene in the packaging construct by pro- 
moter sequences upstream of the transfer construct makes 
the generation of a transcriptionally active recombinant much 
more unlikely. This will be even mote signlfscani it: stable 
producer ceil lines that avoid the risk of piasmid recombination 
during cotransfcetton. 

We also exploited the Rev dependence oigag-pol expression 
and of the accumulation of unspliccd, packageabie transcripts. 
Yu et al, (50) previously showed that the dependence on Rev 
can be used to make expression of HIV genes inducible. We 
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.■> inaxe a lentivirus vector of tho it"'6 gepetatipn T>»e virai LTRs, the reiding 
i ir"r, of 'Iv; viral gene*, the maio: 5' sn'ice Jottoi «ilc s>D} the p^ri'agm i ; 
e«]i.ence «v.a the RP-E are toxrJ .raj iiW.taled in bold type Tne condi- 
onal packaging toiwikt, pMDLg/pRRF, expresses |i.e&Q> vid pel gene* fiv>p 
lie CMV promoter and intervening sequences and poh/adenylation site of the 
iiiman p-giobin gene. As the transcripts of the gag and pol genes contain cts- 
epressive sequences, they are expressed only if Rev promotes their nuclear 
xport by binding to the RRE. A!! tat ana rev exons have been deleted, and the 
iral sequences upstream of the jag gene have been replaced. A nonoverlapping 
rev cDNA. The transfer construct, pRRL. 
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describe a core packaging svsten split n two separate lonover- i 
lapping expression constucts. one for the gag and pol reading : 
frames optimized for Rev-dependent expression and the oth- ; 
er for the rev cDNA. This third-generation packaging system ■ 
matches the performance of its predecessors in terms of both < 
yield arid transducing efficiency. However, it increases signifi- { 
cantly the predicted biosafety of the vector. It has been sug- 
gested that the Rev-RRE axis could be replaced by the use of 
constitutive RNA transport elements of other viruses, although 
at the price of decreased efficiency (11, 23, 43). We would sug- 
gest that maintaining the Rev dependence of the system allows 
for an additional level of biosafety through the splitting of the 
HIV-derived components of the packaging system. 

The conditional packaging system described here can be 
combined with a se!r-inactivating vector construct carrying a 
major deletion in the 3' LTR (52). This vector design (Fig. 4) 
offers significant biosafety features. The contribution of HIV 
is reduced to a fraction of cis-acting sequences in the vector, 
leaving out in particular most of the LTR, and to only three 
genes, gag, pol. and rev, in the packaging constructs, compared 
with the nine genes necessary for the in vivo replication and 
pathogenesis of wild-type HIV-1 (3, 18, 27, 49). The actual bio- 
safety of a vector must be proven in vivo. However, given the 
serious limitations of the available animal models of HIV- 
induced disease, the biosafety of HIV-derived vectors will ul- 
timately be proven only in human hosts. Therefore, the vector 
design must ensure she highest predictable biosafety for clini- 
cal testing to be acceptable, 

it is noteworthy that the fraction of the HIV-1 genome that 
is left in the vector is probably smaller than could be achieved 
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with any of the nonpnmate lentiviruses, the genomic complex- 
ity of which is lower than ihat of H1V-1 (37). Aiso, the risks 
associated with the introduction in humans of a recombinant 
arising from a nonprimate ienjivims. even in a form that in iis 
cognate animal species appears to be attenuated, are very- 
difficult to assess, as iiiiiss rated by the ongoing debate or. xeno- 
transplantation (48). In contrast, the almost two decades spent 
studying a virus that has now spread in tens of millions of 
people worldwide have revealed a considerable amount of 
information on the pathogenic features of HIV-1, in particular 
on the dependence of virulence on a crucial set of viral genes. 
Based on these data, we would like to suggest thai the HIV- 
based vectors described here are good candidates for the clin- 
ical trial of Jentivirus vectors in human gene therapy, 

ACKNOWLEDGMENTS 

We are indebted to Tom Hope for providing the Rev expression 
plasmids, to Melinda Van Rosy and Heidi Otitic for help with the 
animal experiments, and ro Jennifer Davis and Mitch fmer for sug- 
gestions and critical reading of the manuscript. 

This work was partly supported by a giant and by a fellowship from 
the Swiss National Science Foundation to DT. and R.Z., respectively. 

REFERENCES 

1. Aiken, C. 1997. Pseudoiyping human immunodeficiency virus type 1 (HIV-I) 
by the glycoprotein c: vesicular stomatitis virus targets HIV-1 er.tr>' to an 
endocyiic pathway and suppresses both the requirement for Nef and the 
sensitivitv to cyclosporin A. J. Virol. 71:5871-5877. 

2. Aldovini, A., and K. A. Young. 1990. Mutations of RNA and protein se- 
quences involved in human immunodeficiency virus type i packaging result 
in production of noninfectious virus J. Virol. 64: 192!!-! 926. 

ovandi. G. M„ and J. A, Zack. 1 996. Replication and pathogenk 



i. lisrkomtz, S 



isunodeficiencv vi 
' -»:1505-1 — 



in SCID-hu 

. L. SiammsrskjoSd. C. Heiga-Maria, D. Rekosh, and 
Ss. p. Gc-B. 1995. 5' regions of HIV- 1 RNAs are not sufficient for encapsida- 
ticn: implications for the HIV-1 packaging signal Virology 212:718-723. 
5. Bluincr, U., L. Naldini, T. Kafri, D. Trono, I. M. Veima, and F. H. Gage. 
1997. Highly efficient and sustained gene transfer in adult neurons with a 
IcntivinisvecKM. J. Virol. 71:6641.-6649. 
6 Bordignun, C. C. Bonini. S. Vrraeh-ul. N. Nobfli, F>. IV!agg!ft«s. C. Trawr- 
sari. R, Giavaxzi. P. Scrvida. Zappwic E- Br nazxi, F. Porta, G. Ferrari, 
F. Maviiio. S. Rossis, R. M. Bisest, and F. Candotti. 1995. Transfer of she 
HSV-fk gene >mo donor peripheral blood lymphocytes for in vivo modula- 
tion of donor anti-tumor immunity after allogeneic bone marrow transpian- 

7. Suchsehacher, G. L. and A. T. Pangar-iban. 1992. Human immunodefi - 
ciencv Virus vector-- for inducible expression of foreign genes, i. Virol. 66; 
2731-2739. 

3. Bukrsnsky, M. I, S. Haggerey, M. P. Dt-mpsc-y. N. Sharova, A. Adzhubef, L. 
Spiff, P. I^wis, D. Goldfarb. M. Emerman, and M. Stevenson. 1993. A 
nuclear localization signal within HIV-1 matrix protein that governs infec- 
"5:666-669. 



is, J. C, T. F 



s and j.-K. Yes, i 



is G glycoprotein pseudolypcd retroviral vi 
concentration to very high titer and efficient gene transfer into mammalian 
and non-mammaban celk Proc. Natl. Acad. Sci USA 90:80 33-3037. 
). Coffin, j. M. 1996. Retroviridae: the viruses and their replication, p. 1767- 
1846. In B. N. Fields, D. M. Knipe. t. M. Howiev, R. M. Chanock. J. L. 
Melnick, T. P. Monath, B. Roizman, and S. £. Straus (ed.). Fields virology, 
3rd ed. Lippincott-Raven Publishers, Philadelphia, Pa. 
. Corbcau, P., G. Kraus, and F. Wong-Staal. 1998. Transduction of human 
macrophages using a stable HIV-l/HlV-2-derived gene delivery system. 
Gene Tber. 5:99-104. 

Frinterg, M. B., !>. Baltimore, and A. U Frankel. i 99! . The role of Tat in the 



;iency vi 



wiiplional eiongalion. Proc. Nail. Acad. Sci USA 88:4045-404°. 
!. Felber, B. K., C. M. Drysdsie, and G. N. Pavlskls. 1990. Feedback reguialic 
of human immunodeficiency virus type 1 expression by the Rev proteii 
3. Virol. 64:3734-3741. 
S. Finer, M. H., T. J. OuSS, L. QSn, D. Farson, and M. R. Roberts. 1994. kat: 

cytes. Blood 83:43-50. ^ ? ^ ^ 

1. Gallay. P., D. Chin, T. J. Hope, assd D. Trono. 1997. HIV-1 infection i 
nondividing ceiis mediated through she recognition of integrate by the in 
pon/karyophei in pathway. Proc Nati Acad Sci. USA 94:9825-9830- 



6. Gallay, P., S. .Swingfer, C. Aiken, and D. Trono. 1995. HIV-1 infection of 
nendividing ceils: C terminal tyrosine piiasphoiyiatiun of the vital matrix 
protein is a key regulator. 80:379-388 

7 Harricb, »., C. UKch, !-. F. Garcia-MarUntz, and S. 15. Gaynor. 1997. Ta( is 
required for efficient reverse transcription, BMBO J. 16:1224-1235. 

8. Haynes, 8. F., G. Pantaleo, and A. S. Fauci. 1996. Toward an understanding 
of the correlates of protective immunity to HIV infection. Science 273:324- 
328. 

9. Ho, I>. D., A. V. Neumann, A. 8. Pfirciso, 
MartLowiu. 1995. Rapid turnover of plasi 
HIV-t infection. Nature 37.5:123-126 

0. Huang, J- M., A. Joshi, R, Wfcy, J. Orenstein, and K. T. jeang. 1994. 
Human immunodeficiency viruses regulated by alternative trans-activators: 
gene!"- evidence for a novel <~- tnencriDtioral 'jiction of 'fa: in virion 
infectivitv. EMBO i- 13:2886-2896. 

1. Kafsi, T., II. Bldnier, D. A. Peterson, F. H. Gage, and 3. M. Verms. 1997. 

lentivira! vectors. Nat. Genet 17:314-3)7 

2. Kaye, J. F, J. H. Richardson, arid A. M. L. Lever. 1995. oj-acting sequence: 
involved in human immunodeficiency virus type 1 RNA packaging. J. Virol. 

3. Kim, V, N., K. Mftronhanous, S. !Vf. Kingsman, and A, .1. Kings-nan. 1998. 
Minimal recuirement for a ientivirus vector based on human immunodefi ■ 
ciency virus type 1. 3. Virol. 72:811-816. 

4. Lever, A., H. Gott!ing«r ; ¥>'. Haseliine, and J. Sodmski. 1989. Idemification 
of a sequence required for efficient packaging of human immunodeficiency 
virus type 1 RNA into virions. J. Virol. $3:4085-4087, 

5 Lewis, P. F., M. Hmsrt, arid M. Emennan. 1992. Human immunodeficiency 
virus infection of ceil arrested in the cell cycle, EMBO J. 11:3053-3058. 

6. Lewis, P. F., and M. Emennao. 1994. Passage through mitosis is required for rj 
oncoretroviruses but not tor the human immunodeficiency virus. 3. V'irol. 6S: § 

7. Luclw, P. A. 1996. Human immunodeficiency viruses and their replication, p o 
1881-1975. In B. N. Fields, D. M. Knipe, P. M. Howley, R. M. Chanock, 3. L. 5. 
Meinitk, 1. P, Monadi, B. Roizrnan, and S E. Straus (ed). Field', vitology. S. 
3rd ed. Uppincott-Raven Publishers, Philadelphia, Pa.' * 

S Mandel, 8. j„ K. G. SCendaSs!, X. S. Spratt. R. O. Snyder, L. K. Cohen, and | 
S. li. teff. Cnaracierization of inirastriatal recombinant adeno-associated 

GTP-cyclohydro^lase i in a rat model of Parkinson's disease. J. Neurosci., | 

?. IVIfBrsds. M. S., and A. Panganlban. 1996. The human iniinuriodcficiency ^ 

virur, type ! encapsidalion site is a multipartite RNA element composed of & 

functional hairpin structures. J. Virol. "0:2963-2973. "< 

3. McBride, M. S„ H, £). Sch»art?, and A. Panganiban, i997. fifficieni encap- S 

sidation of human immunodeficiency virus type 1 vectors and further char- e=- 

acterization oi cis elements reauired for encapsidaiion. J. Viral. 71:4544" 5 

4554. ' ® 

i. MfynsitI, H„ M. Takaiwshi, F. H. Gage, and I. M. Vrrma. 1997 Stable and -i 

Proc. Natl. Acad. Sci. USA 94:10319-10323. 2 
?. Natd^r.l, L„ V. Bi-imer, P. Gallay, O. Ory, K. Mulligan, F. ii. Gage, i. M, ° 
verma, and i>. Trono. 1996. In vivo eene delivery and stable !r: 
nondividing cells by a lentiviral vector. Science 272:263-267, 
?. N'aidlni, L., Li. Biamcr, F. H. Gage, D. Trono, and I. M. Verma. 1996. 



integral 



sf the 
:. Natl. 



AeadT Sci. USA 93:11382-] 1388 j 
'•. Grj-, O. S., 8. A, Neugeboren, and S. C Mulligan. 5996. A stable human- 
derived packaging ceil line for production of high titer retrovirus/vesicui3r 
stomatitis virus G pseudotypes. Proc. Natl, Acad. Sci, USA 93:11400-11406. 
5. Parolin, C, T. Dorfman, G. Palu. H. Gatllingcr, ana J. sodroski. 1994. 
Analysis in human immunodeficiency virus type 1 vectors of as-acting se- 
quences that affect gene transfer into human lymphocytes, j. Virol. 68:3888- 
3895. 

1 Paxlnos, G., arid C. Watson. 19S7. The rat brain in stercotattic coordinates 
Academic Press, San Diego, Calif. 

S'oeschla, F. vVong-Siaai, and ». j, Looney, 1998. fifficient transduction 

tors. Nat. Med. 4:354-357. * * 
i. Ptunansky, M, A. Lsver, L. Bergeron, W. HaseHirie, and J. Sodroski. 199;. 
Gene transfer into human lymphocytes by a detective human immunodefi- 
ciency virus type 1 vector. J. Virol. 65:532-536. 
5 Reiser. J,, G. fiarmison. S. Klaepfei-Siahi. S. O. Brady, S, Kartsson, and M. 
Sehubert. 1996. Transduction of nondividing cells pseudotyped defective 
hi^i-titer HIV type I particles, Proc, Nati. Acad. Sci. USA 93:15266-15271. 
). Schneider. R, M. Campbell, G. Nasioulas, B. K. Felhev, and G. N. Paviakis. 



1997. 1 



>f the hi 



Vol. 72, 1998 



THIRD-GENERATION LENTiVIRUS VECTOR 8471 



it gag ej 



himads i H Figil A M Isuva :md W \U«iS!si< 199 i^gUed "d 

"O^tfi i," us «* ; ^ v, t ! C " !nvt,ig 88 W-i'W 
rinivas^Svuswu N N li-az'ii f iidga Maria, » Prasad M Hammer 
«jo <« and D Resosh v i" "h e e i f e f j ">!■> v pro rxo umi 

s stable packaging cell lines, j. Vtroi. 7i;S84i--SB48. 

te -nhtrger L. A. P H la-dy J ! cucuii and H C M ycr 17\) P>e 



sha* K v am cs n hu""!) immimoaeiicieHcv vim 

lion. Natme 373:117-122. 
4? W* ,<RA ^9? ""tuugr pts<rfiJvn < {Hp o t Mlur 
49 W>*nd 'VS S K H M« on 4. A Lwkiw ?»d K i S)f 

R"-« sm o f r>"c»i« » -skcs o !iv t dt c jd »" w est 

- f „ i'js. Nat. Med. 3:32-36. 

id. \s. SI.. A, B, Kabson. M. Kail!. V, Son. ana .:. P. Dougherty. 1 



v Si h schcr and k \ ione- M* 



2 7uSirc> R T D» 
D Ti^no Sc. ' r«. 



EXHIBIT C 



In Vivo Gene Delivery and Stable Transduction of 
Nondividing Cells by a Lentiviral Vector 

Luigi Naldini, Ulrike BI6mer, Philippe Gallay, Daniel Ory, 
Richard Mulligan, Fred H. Gage, Inder M. Verma* Didier Trono 

A retroviral vector system based on the human immunodeficiency virus (HIV) was de- 
veloped that, in contrast to a murine leukemia virus-based counterpart, transduced 
heterologous sequences into HeLa cells and rat fibroblasts blocked in the ceil cycle, as 
well as into human primary macrophages. Additionally, the HIV vector could mediate 
stable in vivo gene transfer into terminally differentiated neurons. The ability of MiV-based 
viral vectors to deliver genes in vivo into nondividing cells could increase the applicability 
of retroviral vectors In human gene therapy. 



Until now, gene therapy protocols have 
often relied on vectors derived from retro- 
viruses such as murine leukemia virus 
(MLV) (J, 2). These vectors are useful 
because the genes they transduce are inte- 
grated into the genome of the target cells, a 
desirable feature for long-term expression. 
However, these retroviral vectors can only 
transduce dividing cells, which limits their 
use for in vivo gene transfer in nonprolifer- 
ating cells such as hepatocytes, myofibers, 
hematopoietic stem cells, and neurons (3, 
4). The optimal gene transfer system would 
include a retroviral vector based on a virus, 
such as HIV and other lentiviruses, that can 
integrate into the genome of nonproliferat- 
ing cells. In vitro, HIV can infect primary 
cultures of monocyte-derived macrophages 
(5) as well as cell cycle-arrested CD4 + 
HeLa or T lymphoid cells (6). Central to 
this ability are karyophilic determinants 
contained in two virion proteins, matrix 
(MA) and Vpr. These proteins interact 
with the nuclear import machinery and me- 
diate the active transport of the HIV pre- 
integration complex through the nucleo- 
pore (7-9). 

A three-plasmid expression system was 
used to generate HIV-derived retroviral 
vector particles by transient transfection, as 
described for other vectors (JO) (Fig. 1). 
Plasmid pCMVAR.9, the packaging con- 
struct, contains the human cytomegalovirus 
(hCMV) immediate early promoter, which 
drives the expression of all viral proteins 
required in trans. This plasmid is defective 
for the production of the viral envelope and 
the accessory protein Vpu The packaging 
signal (ty) and adjacent sequences were 
deleted from the 5' untranslated region, but 
the 5' splice donor site was preserved. A 
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polyadenylation [poly(A)| site from the in- 
sulin gene was substituted for the 3' long 
terminal repeat (LTR) at the end of the nef 
reading frame (11). This design eliminated 
cis-acting sequences crucial for packaging, 
reverse transcription, arid integration of 
transcripts derived from the packaging plas- 
mid (12). To broaden the tropism of the 
vector, we used a second plasmid that en- 
codes a heterologous envelope protein for 
pseudo typing the particles generated by 
pCMVAR9 (13). Two variants of this con- 
struct were used: One variant encodes the 
amphotropic envelope of MLV (Ampho), 
and the other encodes the G glycoprotein 
of vesicular stomatitis virus (VSV G) (14). 
The latter envelope offers the additional 
advantage of high stability, which allows for 



particle concentration by ultracentrifugatton 
(15). The third plasmid, the transducing 
vector (pHR'), contains cis-acting sequences 
of HIV required for packaging, reverse tran- 
scription, and integration, as well as unique 
restriction sites for the cloning of heterolo- 
gous complementary DNAs (cDNAs). 
Nearly 350 base pairs of gag as well as env 
sequences encompassing the Rev response 
element (RRE) flanked by splice signals 
were included in the pHR' vector (16). 
This design had a dual purpose: first, to 
increase packaging efficiency, as both gag 
and env RNA determinants have been dem- 
onstrated to enhance this process (17), and 
second, to allow the efficient transcription 
and cytoplasmic export of full-length vector 
transcripts only in the presence of the HIV 
Tat and Rev regulatory proteins, both of 
which are encoded by the packaging plas-o 
mid, pCMVAR9. In the absence of these c\i 
transacting factors, the only detectable ex-rC 
pression originated from the internal pto-'Z 
moter in the vector (18). The Escherichia £ 
coli P-gaiactosidase (fJ-gal) or the firefly E 
luciferase coding sequences were inserted 
into pHR' downstream of the hCMV im- * 
mediate early promoter to serve as reporter c 
genes. ° 
Replication-defective retroviral parti- g 
cles were generated by transient cotrans- ^ 
fection of 293T human kidney cells with gj 
the three-plasmid combination (J9). cd 
MLV-derived packaging and transducing c 
vectors served as controls (20). Media-§ 
from the various transfectants were first ^ 




SD * 

Fig. t. Schematic representation of the HIV provirus and the three-plasmid expression system used for 
generating a pseudotyped HIV-based vector by transient transfection. Only the relevant portion of each 
plasmid is shown. For the HIV provirus, the coding region of viral proteins, including the accessory 
proteins, is shown. The splice donor site (SD) and the packaging signal (<f<) are indicated, in the packaging 
construct pCMVARQ, the reading frames of Env and Vpu are blocked (X). In the Env-coding plasmid, the 
coding region of 4070a amphotropic MLV envelope is flanked by a MLV LTR and a SV40 poly(A) site. The 
VSV G coding region is flanked by the CMV promoter and a poly(A) site. In the transfer vector pHR', the 
gag gene is truncated and out of frame (X), and the internal promoter CMV is used to drive expression of 
either p-galactosidase {lacZj or luciferase cDNA. The Rev responsive element (RRE) and splice acceptor 
site (SA) are shown. 
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assayed for transduction frequency on 
growing 208F rat fibroblasts (21). HIV- 
bascd 3-gal vectors yielded titers of 0.8 
(±1.7) X 10 s (n = 3) transducing units 
(TU) per milliliter with the MLV{Am- 
pho) envelope and 4 (±1.5) X 10 5 (n = 
6) TU/ml with the VSV envelope. These 
titers are comparable with those obtained 
with MLV-based vectors produced by the 
same method — 10 5 TU/ml with its own 
envelope, and 5 X 10* Tu/ml when 
pseudotyped with the VSV envelope — 
and significantly higher than those previ- 
ously reported for other HIV-based vectors 
(17, 22). Potentially contributing to this 
increased efficiency is the incorporation of 
accessory H1V-1 genes into the packaging 
ct, including nef that markedly en- 



TabJ* 1. Relative transduction of cells at different 
stages of the cycle by HIV- and MLV-based vec- 
tors. Results are expressed relative to the trans- 
duction obtained by the vector in growing cells. 
Multiplicity of infection was matched for both vec- 
tors, Abbreviations; arr„ arrested; d, days; repl. 
replated. 



Tranduction efficiency 



HeLa cells* 








Growing 


1 






G,-S-arr. 


0.97 ± 0.02 


0.05 


±0.01 


G 2 -arr. 


0.71 ± 0,22 


0.08 


± 0.01 


206Fcellst 








Growing 


1 




1 


G 0 -arr. 4 d 


0.45 ± 0.02 


0.11 


± 0.01 


Go-arr. 7 d 


0.29 ± 0.02 


0.03 


±0.02 


G 0 -arr. 1 1 d 


0.23 ± 0.01 


0.02 


±0,01 


G 0 -arr. 15 d 


0,17 ±0.01 


0.01 


±0.01 


208F cells* 








Growing 






1 


G 0 


0.08 ± 0.02 


0.05 


±0.02 


G 0 repl. 2d 


0.50 ± 0.03 


0.08 


±0,02 


Go repl. 4 d 


0.43 ± 0.04 


0.08 


±0.02 


Go repl. 8 d 


0.46 ± 0.07 


0.08 


±0,02 



"Human HeLa ceils were arrested in G,-S by aphidicoiin 
treatment or in G s by exposure to 40 grays (1 gray » 1 00 
rads) of gamma radiation (25) and infected with p-gai 
vector pseudotyped with MLV {Ampho) envelope. Trans- 
duction was scored by X-Gal staining of the cultures 48 
hours after infection. Results are the mean ± SEM deter- 
mination from four experiments, tRat 208F fibro- 
blasts were plated at low density and either infected the 
following day (growing) or grown to confluence, switched 
to medium containing 5% calf serum and 2 jiM dexa- 
methasone (3). and further incubated for the indfcated 
number of days (d) before Infection with luciferase vectors 
psoudotyoad with VSV G protein. Transduction was 
scored by measuring luminescence in cell extracis 48 
hours after infection. Results are the mean ± SO of rep- 
licated determinations from a representative experiment 
of a total of five performed. tRat 208F fibroblasts 
either growing or arrested in G 0 tor 3 weeks were Infected 
with p-gal vectors pseudotyped with the MLV (Ampho) 
envelope. Transduction was scored by X-Gal staining 
either 48 hours after infection {growing and GJ or 48 
hours after replating (repl.) at tow density Go cultures 
trypsinized at the indicated days after infection (G a re- 
plated X d). Results are expressed relative to the number 
of blue cell foci obtained by infecting growing cells and 
are the mean ± SD of replicated determinations from a 
representative experiment of a total of four performed. 



hances virion infectivity (23). 

The HIV-derived vector system used 
here is devoid of helper virus per se. Fur- 
thermore, the use of a three-plasmid com- 
bination and of a heterologous envelope, 
as well as the removal of multiple cis- 
acting sequences from the packaging vec- 
tor, makes it unlikely that a replication- 
competent recombinant would be gener- 
ated. The potential transfer of packaging 
functions from producer to target cells was 
assayed by testing for the production of 
the tat and gag gene products in vector- 
transduced cells. Neither protein was de- 
tected, which, considering the sensitivity 
of the assays we used (24), implied that 
the transfer of packaging functions was at 
least three orders of magnitude less effi- 
cient than that of vector sequences. Fur- 
thermore, conditioned medium from seri- 
ally passaged transduced cells did not 
transfer the reporter gene to naive cells 
(24). 

HIV- and MLV-derived vectors were 
compared for their ability to transduce cells 
blocked at various stages of the cell cycle. 
HeLa cells were growth-arrested at the G,-S 
boundary or at the G 2 phase of the cycle by 
aphidicolin treatment or gamma irradia- 
tion, respectively (25). The arrested state of 
the cells at the time of infection was veri- 
fied by propidiurn iodide staining of the 
DNA and by flow cytometry (18). An HIV- 
based retroviral vector expressing $-gal was 
as efficient at transducing G r S- and G r 
arrested as proliferating HeLa cells, whereas 
its MLV counterpart was only 5 to 8% as 
effective (Table 1). The wider variability 
observed in the transduction of HeLa cells 
arrested by gamma irradiation was perhaps 
due to the cytotoxicity of the treatment. 

To test whether the HIV-based vector 
integrates in the host cell genome, we used 
packaging constructs carrying 



Fig. 2. Reverse transcription and 
nuclear import of the HIV-based 
vector genome in fibroblasts grow- 
ing or arrested sn G 0 - Cultures of 
208F fibroblasts were plated at low 
density and either infected the fol- 
lowing day (growing) or grown to 
confluence and further incubated 
for she indicated number of days 
(G 0 X days) before infection with 
HIV-based luciferase vector pseu- 
dotyped or not (A£nv) with VSV en- 
velope. At the indicated time in 
hours 3fter infection, cells wens 
lysed arid assayed by PCR with 
primers specific for various prod- 
ucts of reverse transcription, as 



that inactivate integrase. HIV-1 mutants in 
which the expression of integrase is abro- 
gated by the introduction of a stop codon at 
its 5' end do not reverse transcribe their 
genome efficiently (26). When this muta- 
tion was introduced into the packaging 
construct, it completely prevented trans- 
duction by the resulting vector particles. 
Furthermore, whereas a £3-gal vector made 
with the wild-type packaging construct had 
a transduction efficiency of 940 TU per 
nanogram of p24 in growing or G,-S-arrest- 
ed cells, a single amino acid change [from 
aspartic acid to valine at position 64 
(D64V)] in the HIV-1 integrase sequence, 
previously demonstrated to severely decrease 
the activity of this enzyme but not to affect 
any other step of infection (27), reduced the 
efficiency to 54 and 130 TU per nanogram 
of p24 in growing and Gl-S-arrested cells.g 
respectively (28). Efficient gene transfer incj 
both settings was thus dependent on reverse |C 
transcription as well as integration. TakenH 
together, these results indicate that thejjs 
unique features of HIV can be transferred to E 
a replication-defective retroviral vector, al--gr_ 
lowing transduction of nonproliferating^ 
cells. c 
To test the transduction of cells arrested ° 
in G 0 , we grew cultures of rat 208F fibro- g 
blasts to confluence and then maintained o> 
them in G 0 by density-dependent inhibi- g 
tion of growth in the presence of dexamcth- eu 
asone (3). The HIV-based vector was sig- c 
nificantly more efficient than its MLVy 
equivalent. However, its transduction 
decreased as a function of time between | 
growth arrest and infection (Table 1). Cells 5 
growth-arrested for 4 days were transduced £ 
at levels that were 45% of those observed in^= 
dividing cells. However, in cells that had"g 
been maintained in G 0 for 15 days, the"0 
relative transduction decreased to 17%. o 
The MLV-based vector was significantly | 
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pie of the PGR reaction was ana- 
lyzed by Southern (DNA) blot with a ^P-iabeied HIV prcwai DNA probe, EL. early products (strong stop 
DNA); Li., late linear products (generated after the second template switch); CI, two-LTR circles (formed 
in the nucleus). 
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more affected by the growth arrest. In its 
case, the residual transducing activity re- 
flected the fraction of cells still undergoing 
division, as assessed by propidium iodide 
staining of the cell DNA followed by flow 
cytometry (29). Whereas vector particles 
entered G 0 -arrested and dividing cells with 
comparable efficiencies (30), they were sig- 
nificantly defective for reverse transcription 
in G 0 cells (Fig. 2), which resembles a 
phenomenon observed in HIV-infected 
quiescent T lymphocytes (51). Neverthe- 
less, a stable transduction intermediate 
must have been established, because replat- 
ing and proliferation of G 0 cells up to 8 days 
after infection revealed titers as high as 
50% of those obtained in dividing cells 
(Table 1). In contrast, inducing cell divi- 
sion even 1 day after inoculation did not 
rescue the MLV-derived vector. The gener- 
ation of a stable infection intermediate by 
the HIV-based vector offers an advantage 
for delivering genes into targets such as 
hematopoietic stem cells. Indeed, it may 
alleviate the need for inducing the prolifer- 
ation of these cells ex vivo, a manipulation 
that can affect their pluripotentiality. 

The decreased transduction efficiency 
of the HIV vector in G 0 -arrested fibro- 
blasts may partly reflect suboptimal con- 
centrations of intracellular deoxynucleo- 
tides (32). Whether a similar limitation 
would preclude gene transfer into termi- 



nally differentiated primary cells could not 
be inferred from these observations and 
was therefore assessed directly. The HIV- 
based luciferase vector, pseudotyped with 
the VSV G protein, was tested for its 
ability to transduce human monocyte-de- 
rived primary macrophages (33). Signifi- 
cant levels of luciferase activity were de- 
tected in an envelope -dependent manner 
(Table 2). In contrast, only background 
levels of luciferase activity were measured 
in macrophages inoculated with a compa- 
rable VSV G-pseudotyped MLV-based 
vector (34). To rule out that the HIV 
vector was infecting a small proportion of 
macrophages that were proliferating, we 
generated mutant packaging constructs 
where Vpr and the nuclear localization 
signal (NLS) present in the MA protein 
were inactivated (35). At least one of 
these two elements is essential for viral 
infection in macrophages, because they 
mediate nuclear import of the HIV pre in- 
tegration complex (7-9). A vector assem- 
bled from a mutant packaging construct in 
which both Vpr and the MA NLS are 
inactivated was severely reduced in its 
ability to transduce macrophages (Table 
2). Similarly, NLS peptide treatment pre- 
vented transduction by a vector produced 
from a Vpr-defective packaging construct, 
thus corroborating the previously demon- 
strated inhibition of MA-mediated nucle- 



ar import of the HIV preintegration com- 
plex by this peptide (9). Neither MA-Vpr 
double mutations nor NLS peptide treat- 
ment affected the ability of the vectors to 
transduce dividing cells (18). The require- 
ment for interaction with the cellular nu- 
clear import machinery, together with the 
lack of significant transduction by the 
MLV vector, demonstrates that gene 
transfer by the HIV vector did occur in 
nonproliferating macrophages and not 
simply in a small proportion of dividing 
cells in the culture. 

To test if HIV-based vectors can deliv- 
er genes in vivo, we injected highly con- 
centrated stocks of HIV- or MLV-based 
0-gal vectors pseudotyped with VSV G 
protein bilaterally into the corpus striatum 
and hippocampus of adult female rat^ 
brains (36). Seven or 30 days later theg 
brains were removed, sectioned, and pro-CM 
cessed for immunocytochemistry. Analysis*-" 
with the light microscope showed noZ 
pathological change in the injected areasja 
of the brains, except for a limited depositE 
of debris and lining-up of scavenger cellsg. 
along the needle tract in brains examined^ 
I week after injection. These findings c 
were even less apparent 1 month after the° 
injection. Areas of 3-gal-posstive celisg 
were detected surrounding ail injectedds 
sites for both HIV-based and MLV-bascd| 
vectors. In brains injected with the HIV-g 




Rg. 3. The in vivo transduction of adult rat neurons. Confocai microscope 
images of sector® from brains injected with HiV-based p-gai vectors stained 
by irnrriunofluorescerice for 3-gal, NeuN, and glial fibrillary acidic protein 
(GFAP). The images obtained from each individual staining and from their 
overlap are shown, as indicated on the top. Representative fields of the area 



surrounding the injection site are shown for a section siuium i ■ueek 
and 4 weeks and from hippocampus 4 weeks after injection of the vector. 
Several ceils doubly labeled for |3-gal and NeuN (arrows) are evident in the 
sections. The overall pattern was reproduced in all five animals (three exam- 
ined after 7 days, and two after 30 days) injected with the HfV-based vector. 
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Table 2. Transduction of human monocyte-de- 
rived macrophages, Primary cultures of human 
macrophages prepared from different donors were 
incubated with HfV-based luciferase vectors 
pseudotyped with VSV G protein and generated 
either from wild- type (pCMVdR9) or mutant pack- 
aging plasmids carrying inactivating mutations in 
the vpr gene (AVpr) or both in the vpr gene and the 
MA NLS (AVpr ANLS MA (33, 34)], Macrophage 
cultures were incubated with 100 (iM of peptide 
whose sequence corresponded either to the SV40 
T antigen NLS to block NLS-dependent nuclear 
import, or to its reverse, inactive orientation (Rev. 
NLS), starting 1 hour before and throughout infec- 
tion, as previously described (8). Luminescence 
was measured in cell extracts 48 hours after infec- 
tion. Transduction was dependent on active nucle- 
ar import of the vector in target cells, as it was 
inhibited by mutations inactivating Vpr and the MA 
NLS in the packaging plasmids and when infected 
cells were incubated with NLS peptide. 



Luminescence 



Packaging 


Cell 


(RLU)* 


plasrnid 


treatment 








Donor 1 Donor 2 


Wild typet 




0 0 


Wild type 


Rev. NLS 


17,873 17,785 


Wild type 


NLS 


16,225 15,322 


AVpr 


Rev. NLS 


8,447 9,687 


AVpr 


NLS 


1,141 1,348 


AVpr ANLS MA 




3,501 2,787 



■Luminescence in relative units above background of 50 
ill of infected macrophages extract. tAs a control, 
this plasrnid was not pseudotyped with VSV G protein. 



based vector, a variety of ^-gal-positive 
cells with a morphology resembling neu- 
rons, oligodendrocytes, and astrocytes 
could be detected (18). To further identify 
the cell types transduced by both vectors, 
we used confocal microscopy after immu- 
nofluorescence staining with antibodies 
specific for p-gal, glial fibrillary acidic 
protein (GFAP, a marker for astrocytes), 
and NeuN (a marker for terminally differ- 
entiated neurons) (37). Sections from 
brains injected with the MLV-based vec- 
tor contained cells either labeled only for 
P-gal or for both 0-gal and GFAP (18). 
The MLV vector was unable to transduce 
neurons because no cells labeled for both 
p-gai and NeuN were detected. In con- 
trast, the striatum of animals injected with 
the HIV-based vector showed multiple 
cells double-labeled for p-gal and NeuN 
(Fig. 3, top panel), demonstrating the 
ability of the HIV-based vector to infect 
and transduce genes in terminally differ- 
entiated neurons. NeuN and p-gal double- 
positive cells were also detected in the 
hippocampus of brains injected with the 
HIV vector. As expected, the HIV-based 
vector was also able to transduce astroglial 
cells (18). The expression of £$-gal in neu- 
rons in the striatum and the hippocampus 
could be detected after a 30-day period, 
the longest time tested (Fig. 3, bottom two 
panels). 



Our results lend strong credence to the 
idea that HIV-based vectors transduce 
genes efficiently and can be used for in vivo 
gene delivery. Because retroviruses inte- 
grate in the genome of the target cells, 
repeated transduction is unnecessary. 
Therefore, in contrast to an adenoviral vec- 
tor capable of in vivo gene delivery, prob- 
lems linked to the humoral response to 
injected viral antigens can be avoided (38). 
Furthermore, the vectors described here are 
replication defective; consequently, the 
transduced cells lack viral protein that 
could trigger a cellular immune response. A 
major goal of our work was to establish a 
proof of principle that lentiviral vectors can 
be used for stable in vivo gene delivery in 
nondividing cells. For human experimenta- 
tion, it may be more prudent to develop 
vectors derived from nonhuman lentivi- 
ruses such as simian immunodeficiency vi- 
rus, bovine immunodeficiency virus, or 
equine infectious anemia virus. We believe 
that the generation of safe and efficacious 
lentiviral vectors will significantly advance 
the prospects of human gene therapy. 
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uftraeentrifugation and pratreated with deoxyribonu-o 
clease I (DNase I) (20 (ig/rrf for 2 hours at 37"C),o, 
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tent of ceiMar DNA In growing and confluent cul-§ 
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HfV-1 Hxajo sequence, according to L, Ratner ef at , § 
Nature 313. 277 (1985), are indicated in parenihe-,- 
ses|. LTR5; GGCTAACTAGGGAACCCACTGCTT § 
(496 to 516); LTR6: CTGCTAGAGATTTTCCA-4= 
CACTGAC ((535 to 612); 5NC2: CCGAGTCCT--a 
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There are four members of the myocyte enhancer factor 2 (MEF2) family of transcription factors in 
vertebrates, MEF2A, -B, -C, and -D, which have homology within a MADS box at their amino termini and an 
adjacent motif known as the MEF2 domain. These factors activate muscle gene expression by binding as homo- 
and heterodimers to an A/T-rich DNA sequence in the control regions of muscle-specific genes. To understand 
the mechanisms of muscle gene activation by MEF2 factors, we generated a series of deletion and site-directed 
mutants of MEF2C. These mutants demonstrated that the MADS and MEF2 domains mediate DNA binding 
and dimerization, whereas the carboxyl terminus is required for transcriptional activation. Amino acids that 
are essential for MEF2 site-dependent transcription but which do not affect DNA binding were also identified 
in the MEF2 domain. This type of positive-control mutant demonstrates that the transcription activation 
domain of MEF2C, although separate from the MEF2 domain, is dependent on this domain for transcriptional 
activation through the MEF2 site. MEF2 mutants that are defective for DNA binding act as dominant negative 
mutants and can inhibit activation of MEF2 -dependent genes by wild-type MEF2C. 



The myocyte enhancer factor 2 (MEF2) family of transcrip- 
tion factors comprises a group of transcriptional activators, 
MEF2A, -B, -C, and -D, that show homology in a MADS 
(MCM1, Agamous, Deficiens, serum response factor [SRF]) 
box and an adjacent motif known as the MEF2 domain (6, 25, 
31-33, 44, 57; reviewed in reference 49), MEF2 factors form 
homo- and heterodimers and bind to the consensus, site, 
C/TTA(A/T) 4 TAG/A, which is found in the control regions of 
numerous muscle-specific genes and has been demonstrated to 
be important for skeletal and cardiac muscle gene expression 
(1, 3, 5, 10-13, 15, 17, 21, 22, 24-27, 36-38, 52, 56, 58). The four 
vertebrate mef2 gene products, also referred to as RSRFs 
(related to serum response factors) (44), have greater than 
85% amino acid identity within the MADS domain and an 
adjacent 27-amino-acid region referred to as the MEF2 do- 
main. This homology in the MADS and MEF2 domains is also 
present in D-MEF2, the single MEF2 protein in Drosophila 
melanogaster (29, 39, 50), and the characterized MEF2 proteins 
in Xenopus laevis (9, 54). 

During embryogenesis, MEF2 transcripts appear initially in 
precursors of the cardiac and skeletal muscle lineages and are 
subsequently expressed at high levels in these differentiated 
muscle cell types (9, 16, 17, 25, 31, 33, 57). Mutations of the 
D-mef2 gene in D. melanogaster suggest that MEF2 is an es- 
sential cofactor for differentiation of skeletal, cardiac, and vis- 
ceral muscle cells (4, 30). In the absence of D-MEF2, myo- 
blasts are correctly specified and positioned, but they fail to 
differentiate. These results have led to the notion that MEF2 
may be a cofactor for other myogenic regulators that control 
muscle gene expression in different myogenic lineages (41a), 

The exact role of MEF2 in skeletal muscle cells has been 
unclear. Kaushal and coworkers (23) reported that MEF2 lac- 
tors have the ability to activate the complete program for 
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skeletal muscle differentiation with an efficiency comparable to 
that of the myogenic basic helix-loop-helix (bHLH) factors 
MyoD and myogenin. In contrast, we have found that MEF2 
factors lack myogenic activity on their own, but that they po- 
tentiate the activity of myogenic bHLH factors (34). This po- 
tentiation appears to be mediated by direct protein-protein 
interactions between MEF2 factors and heterodimers formed 
between myogenic bHLH factors and E proteins (34). This 
type of protein-protein interaction allows either type of factor 
to activate transcription through the other factor's DNA bind- 
ing site when only one of the factors is bound to DNA. 

Despite the importance of MEF2 factors in the control of 
muscle gene expression, very little is known about the mecha- 
nism by which these proteins activate transcription. However, 
the related MADS-box-containing factor, SRF. has been ex- 
tensively characterized, and the crystal structure of its DNA 
binding region has recently been deduced (43). A minimal 
91-amino-acid region of SRF containing the MADS box is 
sufficient for dimerization and site-specific recognition of the 
serum response element, CC(A/T) 6 GG (40, 47). The N-termi- 
nal region of the MADS box of SRF is predicted to form an 
a-helix that contacts DNA, while an adjacent hydrophobic 
region of the MADS box, predicted to form a p-strand, medi- 
ates dimerization (43, 47). The MADS box of SRF is also 
sufficient for transcriptional activation of some SRF-depen- 
dent genes because it mediates interactions with accessory 
factors that activate transcription (20). 

A comparison of the MADS boxes of SRF and MEF2 pro- 
teins demonstrates a relatively high degree of similarity be- 
tween amino acids 1 and 38, with more divergence between 
amino acids 39 and 56 (reviewed in reference 49), It is also 
interesting that the MADS box in SRF begins at amino acid 
141, whereas in all MEF2 proteins, the MADS box is located at 
the extreme N terminus. Deletion of the N- terminal amino 
acids preceding the MADS box in SRF results in relaxed DNA 
binding specificity, such that the MEF2 consensus site can be 



2627 



2628 MOLKENTIN ET AL. 



Mol. Cell, Biol. 



recognized, suggesting that amino acids IS T terminal to the 
MADS box influence DNA binding specificity of SRF (48). 
These data also suggest that MEF2 'proteins and SRF are 
characterized by different structural constraints that result its 
unique DNA recognition and dimerization fund ions. 

In this sludy, we characterized the regions of MEF2C that 
are responsible for transcriptional activation, DNA binding, 
and subunit dimerization. Our results show that the MADS 
bos is essential for DNA binding and ditnerization and that the 
MEF2 domain plays an important role in DNA binding affinity 
and an Indirect role in dtmenzation. There are also specific 
residues within the MEF2 domain that ate required for activity 
of the transcriptional activation region which is located near 
the C terminus of the protein. Intriguing!)', these specific res- 
idues it! the MEF2 domain do not affect dimerization or DNA 
binding. The ability of mutants in the MEF2 domain to affect 
activity of the C-terminal transactivation domain demonstrates 
that these domains are interdependent. MEF2C mutants that 
dimerize but fall to bind DNA function as dominant negative 
mutants and inhibit activation of MEF2-dependent reporter 
genes in C2C12 myotubes. However, these mutants retain the 
ability to synergize with myogenic bHLH factors to activate 
E-box-dependen; transcription (34). These results demon- 
strate that MEF2 factors act through multiple mechanisms to 
control muscle gene expression, 

MATERIALS AND METHODS 

Assays for DNA binding. To determine the DNA binding characteristics of 
either the MEF2C deletion constructs or site-specific mutant constructs, dec- 
trophoretic mobility shift assays (EMSAsj were, performed Two microliters of a 
coupled in vitro transcription-translation product (TNT kit; Promega. Madison, 
Wis.) was incubated with 40,000 epm of a 3i P-!abeied, double-stranded oligonu- 
cleotide corresponding to the consensus MEF2 binding site from the muscle 
creatine kinase (MCK) gene ( 17) in the preienec of I ng of Boly(dl-dC) • (di- 
dC) for 10 min at room temperature. The EMSA buffer and electrophoresis 
conditions are described elsewhere (35). 

Site-directed mutagenesis- Mutations were introduced into the pCDNAi- 
MEFv.C expression vector by wlling-circle PCR as described earlier (IS). PCR 
conditions were as described previously (33). Tiie initial mutant construct was cut 
with HiniW] and Xbal, and the 3.4-kb fragment corresponding to the entire 
MEFX cDNA was subcloned into pCDNAVamp (Invitrogen) and sequenced. 

translation (TNT kit; Promega) in tlic presence of p.SJmethioiiine and then 
subjected to analysis bv sodium dodeey! sulfate (SDS)-polyacrylamide gel elec- 
trophoresis (PAGE) (Fig. 3D). 

ously*(32X !eoritaL"lhe~1.4-kb mouse cDNA cloned into the HindUl-Xbal sites 
of the cytomegalovirus promoter-directed expression vector pCDNAI (Invitro- 
gen). To assess the activities of the MEF2C deletion and site-specific mutants 
generated with this construct, transient-transfection assays were performed with 
the MEF2-dependent chloramphenicol acetyl transferase (CAT) reporter con- 
struct pE102MEF2x2CAT, which contains two tandem copies of the MEF2 site 
from the MCK enhancer upstream from the basal promoter of the embryonic 
myosin heavy-chain gene, which drives expression of the CAT reporter gene (57). 
This plasmid is responsive to activation by MEF2 proteins. For assessment of 
dominant negative MEF2 activity conferred by the point mutations R3T and 
R24L, transfections were controlled by titrating an equal amount of empty 
vector, pCDNAI, such thai the same amount of expression plasmid was used in 

The activity of each of the mutant MEF2C proteins was analyzed by transfec- 
tion assays performed with 10T1/2 cells grown in Duibeeco's modified Eagie's 
medium with high glucose and L-glutamine and 10% fetal bovine serum (growth 

transfeeted bv calcium phosphate precipitation for 16 h, washed, and harvested 
4S h afterwards. Ten micrograms of the pE102MEF2x2CAT reporter construct 
(57) was used along with 5 p.g of the MEF2C test construct and 1 fig of 
pRSVjSGAL to control for transfection efficiency. 

Analysis of the dominant negative MEF2C protein R3T (Arg-3 changed to 
Thr) in C2C12 cells was performed by transient transfection of confluent plates 
of fully differentiated myotubes. Cells were grown in growth medium for 2 days 
until confluent and then switched to differentiation medium, consisting of Dul- 
becco modified Eagle medium with high glucose and L-giutamine and 2% horse 
serum, for 6 days. On day 6, the myotubes were transfeeted with 5 u.g of 
pE102MEF2x2CAT and 3 or 10 u.g of 3 mutant expression vector encoding the 
R3T MEF2C protein. Forty-eight hours after transfection. ceils were harvested 



and CAT activities were determined in aliquot: of extract containing equivalent 
amounts of protein, 

For analysis of the GAM fusion proteins, 10 fig of the GAM-drpcndcnt 
reporter construct pOSEIbCAT (18) was transiently couunsfected into IOTt/2 
fibroblasts with .5 ( ig of the indicated MF.F2C-GAL4 fusion construct as de- 
scribed above. The MEF2C-GAL4 fusions were generated by blunt-sad cloning 
of MEF2C PCR-generatcd DNA segments corresponding to tire indicated amino 
acid st-quences into the expression piastnid pSG424 at the .v«a! site so that the 
DNA binding domain of GAL4 (amino acids 1 to 147) is fused to MEF2C. 
Extracts and CAT assays were performed as previously described (35). 

translation products of the indicated full-length mutant construct and a truncated 
MEF2C construct (amino acids 1 to 105). The truncated MEF2C construct 
contained a FLAG (Kodak IB!, New Haven, Conn.) epitope at the C terminus 
so that ar.ti-l-LAG antibody could be used for specific immunoprecipitaticn. in 
vitro transcription-translation was performed m a total reaction volume of 25 pi 
with 0.5 ug of each construct. Five microliters of this reaction mix was immu- 
noprecipitated as recommended by the manufacturer (Kodak Oil) in a total 
volume 'of 100 pi with 1 u.1 of ant'i-FLAG monoclonal antibody and 25 uJ of 
protein G -agarose. The precipitated products were subjected to SOS -PAGE and 
autoradiography. 

Western b'loiiir.g (imnunoMotting). The stabilities of the mutant MEFJC 
proteins were assessed by Western blotting of extracts made from transiently 
transfeeted 10T1/2 ceils. Constructs encoding wild-type MF.F2C and mutants 
R3T, RKK3-5TNO. R15L. R17V. KR23.24ID, K25N. K30H. K31L, LSVL35- 
3SQSSM. CDCXKW1SDD. U45.46RN, IF47.48DS. STDMD59-63RAVMH, 
VLL65-67ASR, and KYTEY68-72ECNDN were separately transfeeted into 
6-cm-diameter dishes of 10T1/2 ceils as described above. Only these mutant 
constructs were assayed because they demonstrated a reduced function com- 
pared with wild-type MEF2C The transfeeted cells were harvested 48 h later by 
lysis in 50 uJ of 2x loading buffer ( 125 mM Tris [pH 6.8J, 4% SDS, 200 mM 
ft-mercaptoethanol, 20% glycerol, 0 0025% bromophenol blue) and boiled for 5 
min. Fifteen microliters of this iysate was eiectrophoresed on a standard 103s 
Laemmli gel and blotted to nitrocellulose. Hybridization and washing were, 
performed as described previously (2). Detection of MEF2C ! was performed by 

The secondary antibody was a goat anti-rabbit alkaline phosphatasc-conjugatcd 
immunoglobulin G-anlibody used at a working concentration of 3,000.1 (Boehr- 
inger Mannheim, Indianapolis, Ind.). Visualization of alkaline phosphatase ac- 
tivity was performed wilh S-bromo 4-ciiloro-3-indclylphosphate and nitroblue 

Analysis of the stability of tire GAL4-MEF2C fusion proteins by Western 
blotting was performed on extracts of transiently transfeeted COS cells as de- 
scribed above. The primary antibody was a mouse monoclonal antibody against 
the DNA binding domain of GAM (Santa Crui Biotechnology, Santa Cruz, 
Calif.) and was used at a working concentration oi 800:1; a goat anti-mouse 
alkaline phosphatase -conjugated immunoglobulin G secondary antibody (Boehr- 
inger Mannheim) was used at a dilution of 2,000:1. The results of both sets of 
Western blot analyses demonstrated equivalent stabilities of wild-type and ira- 
te differences in protein stability (data not shown). 



RESULTS 

The MADS and MEF2 domains lack transcriptional activ- 
ity. To identify the regions of MEF2C that were involved in 
transcriptional activation, we generated a series of deletion 
mutants and assayed their abilities to support transcriptional 
activation of a MEF2-dependenf reporter gene (pE!G2ME 
F2x2CAT) in 10T1/2 cells (Fig. 1A). The reporter gene was 
efficiently transactivated by MEF2C, whereas the same re- 
porter containing mutated MEF2 sites was not transactivated 
(not shown). Deletion of amino acids 199 to 465 resulted in a 
partial loss of transcriptional activity, whereas C-terminai de- 
letions to amino acid 143 or 117 reduced transcriptional activ- 
ity to a basal level. These results suggested that a strong tran- 
scriptional activation domain was located in the C terminus of 
MEF2C and that the MADS and MEF2 domains, which are 
located in the amino terminus, Sacked transcriptional activa- 
tion potential. To confirm that residues 1 to 117 retained the 
ability to bind DNA in vivo, we fused this region of MEF2C to 
the activation domain of the viral coactivator VP16. This 
MEF2-VP16 chimera (1-117/VP16) was more potent than full- 
length MEF2C in activating transcription of the MEF2-depen- 
dent reporter, which confirmed that residues 1 to 117 of 
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MEF2C were sufficient to sjpoort DNA 'ninchng and dimer 
ization in vivo (Fig. IA). 

The MADS box encompasses residues 1 to 56, and the 
MEF2 domain encompasses residues 57 to 85. We introduced 
into MEF2C internal deletions that removed the C-terminaS 
portion of the MADS box (A40-57) and the MEF2 domain 
(A58-85). Neither of these mutants was able to activate tran- 
scription (Fig. 1A). 

The DNA binding activity of each mutant was assessed by 
EMSA with in vitro-translated protein and the MEF2 binding 
site from the MCK enhancer as a probe {Fig. IB). Dimeriza- 
tion potential was also determined by translation of each mu- 
tant protein in vitro with an MEF2C truncation mutant con- 
taining amino acids 1 to 105 fused to a seven-amino-acid 
C-terminal FLAG epitope. The resultant heterodimeric com- 
plex was immunoprecipitated with FLAG antibody and sub- 
jected to SDS-PAGE (Fig. 1C). Wild-type MEF2C was able to 
dimerize and bind DNA, whereas mutants 440-57 and A58-85 



were not In light of the -olc of the MADS box in DNA 
binding, we anticipated that £40-57 would be defective m 
dimen?afeon and/oi DNA binding These results indicate :hat 
the MEF2 domain, which * js deleted in A58-M, aho piays. ,s 
role in dimenzjtion. Together, these results demonstrate thai 
the dimension and DNA binding *Unctions m the N terminus 
of MEF2C car. be «epaiated from the iransacnvatmg functions 
in the C-terminal region. 

Mapping of She MFF2C trasisSTiptiofsai arihatioR desmaki 
by using GAL4-MEF2C chimeras. To further define the 
boundaries of the transcription activation domain of MEF2C, 
we filsed the DNA binding domain of yeast GAL4 (amino 
acids 1 to 147) to portions of MEF2C and tested the resulting 
chimeric proteins for their abilities to activate a GAL4-depen- 
dent reporter gene in 10T1/2 cells (Fig. 2). Full-length MEF2C 
fused to GAL4 (GALM2C 1-465) had the strongest transcrip- 
tional activity. Deletion of amino acids 175 to 465 (GALM2C 
1-174) had only a small effect on transcriptional activity. An 
intermediate deletion of amino acids 198 to 465 (GALM2C 
1-198) resulted in a greater decrease in transcriptional activity, 
suggesting the presence of an inhibitory domain between 
amino acids 175 and 198, Further C-terminal deletions to 
amino acid 143 or 93 (GALM2C 1-143 or GALM2C 1-93) 
resulted in a complete loss of transcriptional activity. These 
results are consistent with the deletion analyses of MEF2C and 
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'ranscriptional activity of GAL4-MEF2C chimeras. 10T1/2 cells 
ector encoding the indicated GAL4-MEF2C chimeras. Amino a 
determined as described in Materials and Methods. Values are i 



*ere transiently transfected with 10 (j.g of the pGSElbCAT reporter gene and 5 u.g of 
:ids of MEF2C contained in each mutant are indicated at the left. CAT activity in cell 
spressed as the percentage of GAL4-MEF2C activity observed for each mutant and are 
tion activation domain. 



demonstrate that the MADS and MEF2 domains cannot acti- 
vate transcription alone. 

The more C-terminal regions of MEF2C were analyzed fur- 
ther by fusing a series of interna! regions of MEF2C to GAL4 
(Fig. 2). The region between amino acids 175 and 465 
(GALM2C 175-465) could activate transcription. Dissection of 
this region showed that amino acids 175 to 327 (GALM2C 
175-327) retained the ability to activate transcription, while a 
more C-terminal region (GALM2C 327-465) was inactive. Fur- 
ther deletions showed that transcriptional activation was di- 
rected by the region from amino acids 247 to 327 {GALM2C 
247-327). Thus, the C-terminal transcription-activating region 
appeared to be composed of at least two subdomains that 
could activate transcription independently, one region between 
residues 143 and 174 and the other between residues 247 and 
327. 

To control for possible differences in transcriptional activi- 
ties due to differential stability of one or more of the proteins 
analyzed, the expression of each protein was examined in ex- 
tracts of transfected cells by Western blotting with an antibody 
directed against the GAL4 DNA binding domain. These ex- 
periments showed that all of the constructs were expressed at 
comparable levels (not shown). This finding suggests that the 
differences in transcriptional activity among the different pro- 
teins did not result from differences in expression or stability 
but reflected regions responsible for activation or repression of 
transcription. 

Mutational analysis of the MEF2C DNA binding domain. 

The deletion mutations demonstrated that amino acids 1 to 
117 of MEF2C were sufficient for DNA binding and dimeriza- 
tion, consistent with previous studies of MEF2A (RSRFC4) 
(44). To map more precisely the specific residues that mediate 
these activities, we mutated the conserved amino acids within 
the MADS and MEF2 domains within the full-length MEF2C 
protein. Mutational analysis of SRF has shown that the first 31 



residues of the MADS box mediate DNA binding (41, 47). This 
region of SRF adopts an ct-helieal conformation with the basic 
residues making major and minor groove contacts with the 
DNA binding site (43). Within the corresponding region of 
MEF2C, there are 11 basic amino acids which may be involved 
in DNA-protein interactions. We therefore systematically mu- 
tated all of these residues either singly or in combinations to 
determine which might be required for DNA binding (Fig. 
3 A). Replacement of Arg-3, Lys-5, Arg-24, Lys-30, and Lys-31 
with noncharged amino acids resulted in a complete loss of 
DNA binding activity (Fig. 3B) without a loss in dimerization 
potential (Fig. 3C). With the exception of mutant K30H, each 
of these mutations also resulted in a complete loss in transcrip- 
tional activity. The K30H mutant reproducibly transactivated 
at approximately 20% of the level of the wild-type protein 
despite an apparent lack of DNA binding capacity in vitro. The 
explanation for this discrepancy may be in the subtle differ- 
ences in conditions between the in vitro and in vivo assays, such 
that K30H may retain modest DNA binding capacity in vivo. 

Mutagenesis of residue Lys-4, Arg-15, Arg-17, Lys-23, or 
Lys-25 resulted in a partial loss of DNA binding capacity with- 
out a loss in dimerization potential. These mutations also led 
to a decrease in the ability to activate the MEF2-dependent 
reporter gene. Mutation of Arg-10 had no effect on DNA 
binding capacity and a minimal effect on activation potential. 
In vitro transcription and translation reactions were performed 
for each MEF2C construct in the presence of [ 35 S]methionine, 
and the products were subjected to SDS-PAGE (Fig. 3D). The 
results demonstrate that all proteins are equally stable and that 
the differences in DNA binding activity result specifically from 
the designated amino acid substitutions. Together, the results 
demonstrate that virtually every basic amino acid within the 
N-terminal MADS-box region from amino acids 1 to 31 of 
MEF2C is critical for protein function. That all of these basic 
amino acids are invariant in MEF2 proteins from human. 



Vol, 16, 1996 



MUTATIONAL ANALYSIS OF MERC 2631 



mouse, chicken, frog, Drosophila and Caenorhabditis elegans 
cells also suggests that they are functionally important. 

Arg-17, Lys-23, Arg-24, Lys-30, and Lys-31 are highly con- 
served in all known MADS-box proteins. The amino acids 
corresponding to Arg-17, Lys-23, and Arg-24 in SRF are es- 
sential for DNA binding of SRF (47). Simultaneous mutation 
of Lys-30 and -31 also diminishes DNA binding by SRF. That 
mutants R17V and K23T retained residual DNA binding sug- 
gests that there are subtly different structural requirements for 
DNA binding by MEF2 factors and SRF. 

Noncharged amino acids were substituted for each of the 
N-terminal MADS-box mutations so as not to disrupt the a-he- 
lical structure that is predicted to form in this region. Each of 
the amino acid substitutions that resulted in a significant de- 
crease in transactivation was tested for stability in vivo by 
Western blotting. Western blotting was performed on extracts 
from 10T1/2 cells transfected with constructs encoding wild- 
type or mutant MEF2C proteins. The results showed no dif- 
ferences in protein stability for any of the constructs tested (see 
Materials and Methods), suggesting that the differences in 
transactivation shown in Fig 3 A are not the result of differ- 
ences in protein stability (data not shown). 

Identification of the MEF2C dimerization domain. The ami- 
no-terminal a-helical region of the MADS box is followed by a 
region in SRF and MEF2 factors (amino acids 28 to 56) that is 
predicted to adopt a p-sheet conformation. The crystal struc- 
ture of SRF reveals that this region extends away from the 
DNA and makes relatively few DNA contacts (43). Within this 
region, there is a stretch of hydrophobic amino acids from 
residues 35 to 48. All known MADS-box proteins contain rel- 
atively similar regions of conserved hydrophobicity. To inves- 
tigate the role of this region, we mutated the majority of these 
hydrophobic residues and tested the resulting mutants for their 
abilities to dimerize, bind DNA, and activate transcription. For 
many of the mutations, charged substitutions were introduced 
to disrupt the local hydrophobic pocket that is predicted to 
form in this region. Mutagenesis of groups LSVL35-38, 
LI45.46, and 1F47.48 eliminated DNA binding and dimeriza- 
tion potential (Fig. 3B and C). The loss in DNA binding ca- 
pacity is presumably due to a failure of these mutants to dimer- 
ize and is not due to a loss in protein stability (Fig. 3D and 
results of Western analyses [not shown]). These results suggest 
that the identified hydrophobic amino acids are required for 
dimerization and subsequent DNA binding. Surprisingly, mu- 
tation of the two cystes .es at posit ons and 41 (mutant 
CDC39-41SDD) also resulted in a loss in dimerization poten- 
tial. This could be the result of a loss in the overall secondary 
structure of this region, or it could reflect a specific require- 
ment for these residues in dimerization. 

Role of the MEF2 domain. The MEF2 domain, which is 
adjacent to the MADS box, is conserved in and unique to 
members of the MEF2 family. Deletion mutation A58-85, 
which removed the MEF2 domain, resulted in a complete loss 
in dimerization and DNA binding capacity (Fig. 1). These 
results could be interpreted to indicate either that the MEF2 
domain is directly required for dirnerizatiosi or that it simply 
acted as a permissive region for dimerization directed by the 
hydrophobic patch in the MADS box. If the MEF2 domain 
contained specific amino acids that were required for directing 
dimerization, shen mutagenesis of these amino acids should 
demonstrate this fact. However, if the MEF2 domain was in- 
directly requited as a structural element, then a loss of this 
domain and subsequent truncation might result in a conforma- 
tional change that could interfere with dimerization. To dis- 
tinguish between these possibilities, we introduced a series of 
block mutations within this region of MEF2C (Fig. 3). None of 



these mutations had any effect on dimerization, suggesting that 
the MEF2 domain does not directly specify interactions be- 
tween MEF2 monomers, but that it is required as a structural 
element that permits dimerization. Mutations in the MEF2 
domain were also performed in blocks of four and five amino 
acids to scan for a region that might be involved in cefaclor 
interaction and hence have an effect on transcriptional activa- 
tion. This homologous region in SRF has been shown to in- 
teract with cofactors that are required for serum-regulatable 
expression (see below) (20; reviewed in reference 49). 

Several mutations in the MEF2 domain impaired DNA 
binding and transcriptional activity. Mutation of amino acids 
STDMD at positions 59 to 63 and amino acids KYTEY at 
positions 68 to 72 eliminated DNA binding activity without 
affecting dimerization potential (Fig. 3B and C). Both of these 
mutants also lacked the ability to activate the MEF2-depen- 
dent reporter (Fig. 3A). Mutation of amino acids NEPH and 
ESRT at positions 73 to 76 and 77 to 80, respectively, also 
diminished DNA binding without affecting dimerization. 
Taken together, the results of these specific mutations suggest 
that the MEF2 domain is involved in both DNA binding and 
dimerization. 

Mutation of the hydrophobic amino acids VLL at positions 
65 to 67 resulted in only a minor decrease in DNA binding in 
vitro and had no effect on dimerization potential of the pro- 
tein. However, this mutant completely lacked the ability to 
activate transcription. To confirm that this mutant protein was 
stable and was able to bind DNA in vivo, we performed EM- 
SAs with nuclear extracts from COS and 10T1/2 cells that had 
each been transiently transfected with the VLL65-67ASR ex- 
pression vector. DNA binding activity comparable to that of 
the wild-type protein was observed from extracts of each cell 
type (data not shown). The inability of this mutant to activate 
transcription demonstrates that the MEF2 domain is critical 
for transcriptional activity of the C- terminal transactivation 
domain l the context of the full-length protein and that DNA 
binding is necessary but not sufficient for transcriptional acti- 
vation by MEF2. This result also suggests that the MEF2 
domain mediates an additional event required for activation of 
gene expression. 

Mutation of the MEF2C DNA binding domain generates 
dominant negative proteins. Mutations in the MADS box of 
MEF2C that eliminated DNA binding without affecting dimer- 
ization might be predicted to generate dominant negative pro- 
teins that can interfere with the activity of wild-type MEF2 
proteins by dimerizing with wild-type MEF2 and preventing 
subsequent DNA binding and transcriptional activation. To 
test this possibility, we measured the transcriptional activity of 
wild-type MEF2C in the presence of increasing amounts of the 
DNA binding mutants R24L and R3T, which fail to bind DNA 
but retain the ability to dimerize (Fig. 4A). When 10T1/2 cells 
were transfected with expression vectors encoding these mu- 
tants at a 1:1 ratio with either wild-type MEF2C or MEF2A, 
we observed an —25% decrease in activation of the MEF2- 
dependent reporter gene pE102MEF2x2CAT. Higher relative 
amounts of the mutants resulted in near-complete inhibition of 
reporter gene expression (Fig. 4A). These results demonstrate 
that the MEF2C mutants R24L and R3T are capable of acting 
in a dominant negative manner, presumably because they 
dimerize in vivo with wild-type MEF2 proteins and form inac- 
tive heterodimers. To further characterize the inhibitory activ- 
ities of these dominant negative mutants, transient-transfec- 
tion assays were performed with C2C12 myotubes, which 
contain high levels of endogenous MEF2 DNA binding activity 
(17). As reported previously, the MEF2-dependent reporter 
gene was expressed efficiently in C2C12 myotubes (Fig. 4B). 
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However, in the presence of mutants R24L or R3T, expression 
was reduced by —90%, No reduction in basa! activity was seen 
for an tdeciiical construct containing mutated MEF2 sites (data 
not shown). This result suggests that the dominant negative 
proteins R24L and R3T can dimerize with endogenous MEF2 
proteins it! C2C12 myotubes arid inhibit their activities. 

To further characterize the effect that was mediated by these 
dominant negative proteins, EMSAs were performed with ex- 
tracts of iransfectcd 10TI/2 ceils (Fig. 4C). Untransfected 
10T1/2 ceils showed almost no MEF2-3ike activity (lane 1); 
however, transfection of 2 fig of the wild-type MEF2C expres- 
sion vector resulted in a robust shift (lane 2). If a 10- fold excess 
of the mutant R3T MEF2C expression vector was cotrans- 
fected, an 80% decrease in the shifted band was observed (lane 
3) These results demonstrate that the decrease in transcrip- 
tional activation directed by these dominant negative MEF2C 
proteins is due to heterodimerization and subsequent seques- 
tration of wild- type MEF2 proteins in vivo. 



DISCUSSION 

Members of the MADS-box family of transcription factors 
have been identified in plants, the yeast Saccharomyces cerevi- 
siae. invertebrates, and vertebrates. The primary amino acid 
sequences of the MADS boxes from the different members of 
the family show extensive homology, suggesting a common 
secondary structure as well as related DNA binding sites (Fig, 
5>. Indeed, most MADS-box proteins have been reported to 
recognize the DNA consensus sequence CC(A/T) 6 GG, which 
is similar to the consensus sequence for the MEF2 factors 
CTA(A/T) 4 TAG (reviewed in reference 49). There is greater 
than 85% sequence identity between the MADS and MEF2 
Comatrs ot MFF? proems fr^m human (r>, 33, 44, 57). mouse 
(31 32), chiAen HUa), Xenopus ('i, 54}, DrosophUa (29, 39, 
SU) .:rd C elnsans {23a} cell-. The MFJ"2 doma n is also highly 
conserved among MEF? :actor*. it ;t is nor present in other 
MADS-box proteins. 
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FIG. 5. Identities among MADS-box proteins. Sequences of difiereni MADS- box oroteins are shown Sequences i, references) are js fellows. MHivC (J 
(44); MEF2B (44); MEF2D (31); D-MEF2 (29); SRF (40); MCM1 i'42i; ARG80 (14); AG (Agamous) (55) DE-F (46). Region:, of .econdary structure 
indicated at the bottom (43). Within the MADSdomain, MEF2 factors are similar in secondary structure to SRF, whereas the MEF2 domain does not shoi 
structure! similarity :o the corresponding region of SRF. 



Similarities between the DNA binding and dimerization do- 
mains of MEF2 and SRF. The crystal structure of SRF indi- 
cates that the DNA binding region is composed of three struc- 
tural domains (Fig. 5). The MADS box encompasses a coiled- 
coil that interacts with DNA and a central fJ-sheet involved in 
protein dimerization that also contacts DNA. The amino acid 
sequence identity between the MADS boxes of SRF and the 
MEF2 factors suggests that the DNA binding region of the 
MEF2 factors adopts a secondary structure similar to that of 
SRF. Immediately C terminal to the MADS box of SRF is a 
region that is oriented away from the DNA (43) and has been 
implicated in interactions between SRF and accessory factors 
(20; reviewed in reference 49). The MADS boxes of SRF and 
MEF2 proteins have the greatest identity within amino acids 1 
to 38, with more divergence between amino acids 39 and 56. 
The N-terminal region of the MADS box is predicted to adopt 
an a-helical conformation. The basic residues in the a-helical 
region of SRF make extensive contacts with the major and 
minor grooves of the DNA binding site (43). Mutagenesis of 
this region of MEF2C demonstrated that the majority of the 
basic amino acids in this region are important for DNA binding. 

The C-terminal region of the MADS box (residues 39 to 56) 
contains a hydrophobic cluster of amino acids predicted to 
form a fi-strand. Our results demonstrate that these residues 
are involved in dimerization of MEF2 proteins. A similar hy- 
drophobic region has been shown to direct dimerization of 
SRF (47). However, the spacing and identity of the hydropho- 
bic amino acids are different in SRF and the MEF2 proteins, 
which may explain the observation that MEF2 proteins do not 
dimerize with SRF (44). 

Mutagenesis of the MEF2 domain demonstrated that it di- 
rectly influences DNA binding but not dimerization. However, 
deletion of the MEF2 domain resulted in a mutant MEF2 
protein that was deficient in its ability to dimerize, suggesting 
that this region is structurally required to allow dimerization 
which is directed by the characterized amino acids in the C- 
terminal half of the MADS box. Mutations in the MEF2 do- 
main that eliminate DNA binding activity are likely the result 



of an influence on the MADS box and the manner in which it 
interacts with DNA. The corresponding region of SRF is ori- 
ented distally when bound to DNA and contains a short am- 
phipathic ot-heiix (all in Fig. 5), which serves as an interface 
for dimerization of SRF monomers (43). Yet this region is not 
in intimate contact with DNA, suggesting that it does not 
specify DNA interaction. There is no amino acid sequence or 
secondary structural similarity between these regions of SRF 
and MEF2, which suggests that the function of the MEF2 
domain may not be shared with the corresponding region of 
SRF. This is consistent with the observation that these regions 
of SRF and MEF2 factors mediate interactions with different 
accessory factors (20, 34). 

Interdependence of the MEF2 domain and the transcription 
activation domains. Our results demonstrate that the C termi- 
nus of MEF2C acts as a transcription activation domain. The 
first 105 amino acids of MEF2C, which encompass the MADS 
and MEF2 domains, can dimerize and bind DNA, but this 
region is unable to activate transcription through the MEF2 
site in the absence of a C-terminal transcription activation 
domain. The C termini of mouse MEF2D and MEF2B and 
Xenopus MEF2A (XMEF2A) are also required for transcrip- 
tional activation by these factors (31, 33a, 54). In MEF2C, 
residues 143 to 174 and 247 to 327 in the C terminus can 
activate transcription independently. Both of these regions are 
rich in serine, threonine, and proline residues, which are often 
found in the activation domains of transcription factors, and 
correspond to regions of similarity among different MEF2 fac- 
tors (32). The region from residues 143 to 174 in MEF2C also 
corresponds to the position of a transact ivation domain in 
XMEF2A, whereas the transcription-activating function con- 
tained within residues 247 to 327 of MEF2C appears to be 
absent from XMEF2A (54). 

Mutagenesis of the MEF2 domain yielded an intriguing mu- 
tant, VLL65-67ASR, that dimerized and bound DNA but 
failed to activate transcription. This type of positive-control 
mutant is similar to mutants that have been generated in the 
myogenic bHLH factors (7, 13, 45, 53) and indicates that DNA 
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binding is not by itself sufficient for MEF2 to activate tran- 
scription. The ability of mutant VLL65-67ASR to bind DNA 
without activating transcription suggests that there is an inter- 
dependence between the MEF2 domain and the C-terminal 
transcription activation region. How residues in the MEF2 
domain might influence activity of the transcription activation 
domain, which is located in a separate region of the protein, is 
unclear. One possibility is that binding of MEF2 to DNA 
results in an allosteric change in the protein that unmasks the 
activation domain; such a conformational change might not 
occur in mutant VLL65-67ASR. Alternatively, the residues 
VLL at positions 65 to 67 might mediate interactions with 
other transcription factors, which are disrupted bv the muta- 
tion. In this regard, other MADS-box proteins such as SRF and 
yeast MCM1 require interactions with cefaclors for activation 
of their target genes (reviewed in references 19 and 49). The 
regions of these factors that mediate interactions with acces- 
sory proteins are located immediately adjacent to the MADS 
box, similar to the location of the MEF2 domain. 

The MEF2 domain is required for interaction of MEF2 
factors with heterodimers formed between myogenic bHLH 
factors and E proteins (34). We have tested mutant VLL65- 
67ASR for its ability to interact with myogenin-E12 het- 
erodimers in an in vivo one-hybrid assay and have found that 
it interacts as efficiently as wild-type MEF2C (data not shown). 
Similarly, mutant VLL65-67 can synergize with the bHLH re- 
gion of myogenin to induce transcription through the E-box 
sequence. Thus, these residues do not appear to affect forma- 
tion of a MEF2C-myogenin-E12 ternary complex. Whether 
they might mediate interaction with cofactors involved in gen- 
eral transcriptional initiation remains to be determined. 

While residues VLL at positions 65 to 67 of MEF2C are 
required for transcriptional activation through the MEF2 site, 
these residues are not required for activity of the C-terminal 
transcription activation domains when they are fused to the 
DNA binding domain of GAL4. This observation may indicate 
that the creation of GAL4-MEF2C fusions constitutively acti- 
vates the aciivalion domains by altering the conformation of 
the protein or that this type of fusion protein interacts with 
different cofactors to activate transcription through the GAL4 
binding site. Similar observations have been made with myo- 
genin and MyoD, which require specific amino acids in the 
basic region to activate transcription through an E-box binding 
site but not through a GAL4 site when these factors are fused 
to the GAL4 DNA binding domain (45, 51). 

Because MEF2 factors function as homo- and heterodimers 
and interact with myogenic bHLH factors to regulate muscle 
gene expression (34), we tested MEF2 mutants for possible 
dominant negative effects on the activities of wild-type MEF2 
factors. Indeed, MEF2 mutants defective for DNA binding 
interfered with the ability of wild-type MEF2C and MEF2A to 
activate transcription through the MEF2 site. Dominant neg- 
ative mutants were capable of dimerizing with wild-type 
MEF2C to sequester it from binding DNA, as determined by 
EMS As of extracts cotransfected with constructs encoding 
both proteins. 

Whereas MEF2 DNA binding mutants cannot activate 
MEF2 site-dependent transcription alone and can block tran- 
scriptional activation by wild-type MEF2 factors, these mu- 
tants retain the ability to synergize with the bHLH region of 
myogenin or MyoD to activate E-box-dependent transcription 
(34). These results suggest that MEF2 can regulate at least two 
types of target genes: those which are activated directly by 
MEF2 and lack E boxes and those that lack MEF2 sites and 
are activated indirectly by interaction of MEF2 with myogenic 
bHLH proteins that are bound to E boxes. Although residues 



1 to 117 of MEF2C are incapable of activating transcription 
through the MEF2 site, in the presence of myogenic bHLH 
factors, this region of MEF2C can efficiently activate transcrip- 
tion (34). These results demonstrate that the transcription 
activation domain of MEF2C is not essential for MEF2 site- 
dependent transcription when myogenic bHLH proteins are 
present. Since MEF2 factors are expressed more widely than 
myogenic bHLH factors, it will be interesting to determine if 
there are factors in other cell lineages that can collaborate with 
the MADS and MEF2 domains of MEF2 to regulate gene ex- 
pression. 
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